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SnO thin films were prepared by co-sputtering deposition technique with 
SnO and Sn targets under different Sn target power (PSn DC). The growth 
films annealed at a low temperature of 180 °C in the air afterward. The 
properties of as-deposited and annealed films systematically studied using
various techniques for their application to p-type thin film transistor.
Grazing-angle incident X-ray diffraction (GIXRD) pattern analysis showed 
that the as-deposited films showed a metallic Sn phase, while the annealed 
films indicated SnO phase irrespective of PSn DC, which could be of p-type 
nature. The phase transition at annealed films observed at 40 W of PSn DC
from polycrystalline p-type SnO to a composite film containing both 
metallic Sn and p-type SnO phases with increasing the PSn DC. Field-
emission scanning electron microscopy (FE-SEM) images showed the 
discernible ellipsoidal grains along the c-axis direction at the as-deposited 
film and the irregular protrusions with the tiny and indistinct hemispherical 
swellings at the surface of the annealed film with increasing the PSn DC.
High-resolution transmission electron microscopy (HRTEM) images 
showed the metallic Sn phase at the as-deposited film, and the SnO phase in 
the protruded region and the metallic Sn phase in the uniform bulk region at
the annealed film, which were a coincidence with the GIXRD results.
The SnO phase had tetragonal structure and the lattice parameters a and c
were extracted from the GIXRD results of the annealed films. It found that 
the unit cell volume (a2c) decreased with increasing the PSn DC. The SnO 
density and the Sn layer density of the films showed the increasing tendency 
with increasing the PSn DC. The residual stress tendency of the as-deposited
films shows that the tensile to compressive stress characteristics change as 
the PSn DC increases. The residual stress of the annealed films indicated all 
compressive properties irrespective of PSn DC and its tendency was a similar 
trend of the lattice parameter c with increasing the PSn DC. X-ray 
photoelectron spectroscopy (XPS) results of the annealed films exhibited 
that the composition ratio of Sn atoms (Sn/O) increased with increasing the 
PSn DC, indicating the phases of changing from SnO to Sn-rich SnO.
Hall measurement results showed p-type semiconducting behavior at 
PSn DC , but metallic behavior at 45 Sn DC 	

could be 
ascribed to the dominant role of metallic Sn. The maximum Hall mobility of 
8.8 cm2/Vs obtained at 40 W of PSn DC, which originated from the well-
controlled amount of metallic Sn in SnO structure, leading the increasing 
Hall mobility. The Hall measurements at various annealing and measurement
temperatures performed for two samples with specific PSn DC conditions at 0 
W representing the SnO phase as a reference and 40 W representing the Sn-
rich SnO phase. The Sn-rich SnO sample showed the higher mobility, which
indicated that the hole carrier conduction mechanisms and the 
microstructures of two samples could be different. This result is promising 
for fabricating high-performance p-type oxide thin film transistor.
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Up to now, the metal oxides as an exciting functional material have been 
researched widely both fundamental understanding and technological 
development for a new area of transparent and flexible electronics such as 
touch display panels, optical coatings, solid-state sensors, smart window, 
solar cells, active matrix (AM) flat panel displays [1-3]. The electrical 
properties of oxide materials exhibit the wide range of characteristics from 
insulating to semiconducting and conducting with high optical transparency
in the visible light region. Therefore, the metal oxide materials have made an 
impressive progress, particularly in display applications as the active layers 
in thin film transistors (TFTs) in a relatively short time, challenging silicon 
not only in conventional applications but for the next generation of 
electronics. In general, most metal oxide materials such as zinc oxide (ZnO), 
indium gallium zinc oxide (IGZO), and indium zinc oxide (IZO) are 
typically exhibited n-type semiconducting behaviors which have been 
mainly demonstrates to show high electrical performance for TFTs with low 
temperature process, in comparison to the current industrial standard 
hydrogenated amorphous silicon (a-Si:H) TFTs [4-6]. 
Since the p-type oxide semiconductor materials with high enough reliability 
as well as electrical performances have not been reported yet, it has received
less attention than the well-studied n-type oxide semiconductor materials. 
However, many of the electronic applications in the modern era are limited 
by the lack of the availability of high-performance p-type oxide 
semiconductor along with the n-type ones, because it is required 
architectures such as p-n junctions and complementary metal oxide 
semiconductor (CMOS) types for more energy efficient devices [7]. Thereby, 
the research on the p-type oxide materials has been recognized to be very 
important and valuable by many researchers. To make p-type oxide 
semiconductors for better quality, the use of hybridized orbitals between O 
2p and appropriate orbitals of neighboring metal cation have been proposed 
to obtain high hole mobility in a p-type oxide semiconductor [8]. The 
research of few oxide materials has been published and shows the 
possibilities for p-channel device applications. As a simple binary compound, 
there is a cuprous oxide (Cu2O) [9, 10], tin monoxide (SnO) [11, 12], and 
nickel oxide (NiO) [13, 14] which have been used as an active layer of p-
type oxide TFTs. Among few p-type oxide materials, SnO has received a
great deal of attention because of Sn 5s nature at the valence band maximum 
(VBM). Generally, the VBM in oxides of typical materials is mainly 
composed of localized and anisotropic O 2p orbitals, which severely limits 
hole transport [15]. The spherical Sn 5s orbitals in SnO have nearly equal 
energy level with O 2p orbitals, and they hybridize and delocalize the O 2p
orbitals which might result in a more effective hole transport path and expect 
higher hole mobility [16]. Moreover, compared to those reported papers 
mentioned above, p-type SnO TFTs indicate relatively better electrical 
properties than other p-type oxide TFTs.
The p-type SnO has been fabricated using various deposition techniques 
including the conventional sputtering process. In addion, the deposition 
techniques are depending on different source types which can be broadly 
divided into four types as follows: (1) the radio frequency (RF), direct 
current (DC), and ion-beam reactive sputtering deposition techniques using 
pure Sn sources with O gas [17-19], (2) the RF magnetron sputtering, pulsed 
laser deposition, and vacuum thermal evaporation techniques using SnO 
sources [20-22], (3) the RF magnetron sputtering and electron-beam (E-
beam) evaporation techniques using pure SnO2 sources with reactive gas at a 
higher temperature for decomposition of SnO2 to SnO phases [23, 24], and 
(4) the aqueous solution process and atomic layer deposition techniques 
using precursors including Sn [25, 26]. These fabricated p-type SnO films 
exhibit the similarities which indicate only polycrystalline structure and 
lower electrical properties than the n-type oxide semiconductor cases. 
Among them, the notable results can be found that Caraveo-Frescas et al.
reported that the presence of small amounts of Sn in the p-type SnO matrix 
enhances the hole mobility which is a higher value than other reported 
values by the research groups above [18]. In addition, further increasing of 
Sn atoms causes carrier scattering and reduces the hole mobility in the p-
type SnO film, which means that the carefully controlled amount of 
additional metal Sn atoms in p-type SnO structure is an important factor. 
In this article, we have prepared the p-type SnO thin films by a co-
sputtering technique with pure SnO and Sn targets, and the characteristics of 
the co-sputtered SnO thin films were comprehensively investigated. Unlike 
the previously established experimental approach, to control the Sn amounts 
in the co-sputtered thin film as well as the obtaining p-type SnO phase, the 
different DC power of the metallic Sn target was applied while the RF power 
of the SnO target was fixed. Because it is anticipated that the co-sputtering
method has an advantage to more sensitively and directly modulate the 
amount of Sn in the SnO structure than the other reactive deposition 
techniques under different oxygen or hydrogen partial pressures, substrate or 
annealing temperatures [18, 23, 27, 28]. Moreover, this Sn-rich condition by 
the co-sputtering process would be expected to prevent phase transformation
from p-type SnO to n-type SnO2. The aim of this study is to discuss how the 
properties of co-sputtered SnO thin films change, as close to the Sn-rich 
conditions. Emphasis was given to the effect of the presence of Sn amounts 
in the p-type SnO structure for the improved electrical property. 
2. Literature
2.1. Oxide semiconductor for transparent display
Transparent electronics is today one of the most advanced topics for a wide 
range of device applications. Figure 2.1 shows a similar increase in the 
overall display market growth and the transparent display market growth 
[29]. It means that the future of transparent electronics seems very promising, 
since from the display market forecast by Displaybank, which can be seen 
the importance and marketability of transparent displays in Fig. 2.1. A 
driving force for enabling transparent electronic devices is the oxide 
semiconductor, which has the key components including wide bandgap and 
transparent properties. Table 2.1 represents a summary and comparison of 
some of the most important device properties for the different available 
technologies: oxide semiconductors, amorphous Si, low-temperature
polycrystalline Si and organic semiconductors [30]. It shows that the oxide-
based materials have excellent electrical characteristics compared to the 
conventional Si-based materials. Moreover, Figure 2.2 shows that the 
required mobility will be even higher for displays with higher resolution, a 
faster frame rate and a larger panel size [31]. For this reason, the researches
on oxide semiconductors and TFTs have been inevitable in the display area. 
A study of these oxide TFTs is as follows. Figure 2.3 exhibits the evolution 
of publishes papers between 2001 and 2010 only related to n-type oxide-
based TFTs, and the bar chart is divided into three main categories function 
of the semiconductor channel layers [30]. It means that it is difficult to 
implement p-type oxide semiconductors relative to n-type semiconductors. 
Therefore, it is necessary to examine the characteristics of the respective n-
type and p-type oxide semiconductors to find the reasons above.
Figure 2.1. Transparent display technology evolution and global display 
market [29].
Table 2.1. Comparison between oxide semiconductor TFTs and the other 
available technologies [30].
Figure 2.2. Graphical summary of required carrier mobility for future 
displays [31].
Figure 2.3. A number of oxide TFTs related papers published per year. In the
legend S means “solution processed” only dealing with GIZO 
TFTs [30].
First, in the case of n-type oxide semiconductors, Figure 2.4(a) shows the 
schematic energy diagrams of n-type oxide semiconductors. Most of the 
conduction band minimums (CBMs) are composed of isotropic metal cation 
s orbital, which is totally overlapping compared to the Si case as shown in 
Fig. 2.5 [5]. In addition, since the effective mass of electrons is small, it can
be expected that it contributed to better mobility. Due to this isotropic shape, 
the bonding angle between metal cation and oxygen anion can be broadened 
to form a unique electron transport path. Therefore, it is possible to obtain 
excellent carrier transfer even in the amorphous state, and a typical example 
is an a-IGZO material in Fig. 2.5, which had firstly reported by the Hosono
group. On the contrary, in the case of the p-type oxide semiconductor, most 
of the VBMs are composed of 2p orbital of anisotropic oxygen anion, which 
localized as shown in Fig. 2.4(b). In addition, the effective mass of holes is 
large, and most oxide semiconductor materials require large energy for hole 
products and require low energy for hole killers [15, 32_bipolar]. For this 
reason, it is difficult to form p-type oxide semiconductors, and even if 
fabricated, it shows the low hole concentration and low hole mobility. In 
order to solve this problem, many researchers have been investigated to form 
a hybridized orbital between the oxygen 2p and metal cation orbitals which 
are appropriately overlapped for obtaining p-type characteristics and 
improve performance. 
Figure 2.4. Schematic energy diagrams of (a) n-type and (b) p-type oxide 
semiconductors.
Figure 2.5. Schematic orbital structure of the conduction-band minimum in 
Si and in an ionic oxide semiconductor [5].
2.2. p-Type candidate oxide materials
The proposed hybridized orbital methods for the implementation of p-type 
oxide semiconductors already have been studied through the combination 
using several materials as follows. Some authors proposed that the use of 
hybridized orbitals between O 2p and Cu 3d produces a p-type oxide 
semiconductor and discovered p-type transparent oxide semiconductors, in 
which the schematic energy diagram and atomic structure of Cu2O were
illustrated in Fig. 2.6 [33]. Similar electronic structures are also found in 
Ag2O [34]. Although both materials exhibit p-type characteristics, Cu2O
TFTs are not well operated due to low switching behavior, and Ag2O shows 
the metallic conduction properties due to a high carrier concentration of the 
film, which is not applicable to a channel of a TFT. Another approach is to 
employ pseudo-closed ns2 orbitals to form such hybridized orbitals. There 
are PbO [35], BiCuCh (Ch = S, Se, Te) [36], and SnO [37]. Such electronic 
structures are found in oxides of heavy metal cations, such as Pb2+ (6s2), Bi3+
(6s2), and Sn2+ (5s2) because these are stable in ns2 (n5) pseudo-closed shell 
electronic configurations in these crystals [15, 16]. PbO is reported to be an
n-type semiconductor, while the Bi 6s orbitals are very deep compared to the 
VBMs even if it is a p-type semiconductor. Finally, SnO is considered to be 
the most likely candidate for p-type oxide semiconductors due to its Sn 5s
nature at the VBM, which was illustrated the energy diagram as shown in 
Fig. 2.7 [37]. In other words, it is possible to form a hybridized orbital with 
localized anisotropic O 2p and isotropic 5s orbitals [7, 15]. It is also simple 
oxide which can be lead to more effective hole transport path and relatively 
higher hole mobility due to the overlapping portion [16, 20]. This is a very 
similar part of the carrier transport mechanism of the a-IGZO material, 
which can be expected to work on amorphous SnO TFTs. 
Figure 2.6. (a) The chemical bond between an oxide ion and a cation that 
has a closed-shell electronic configuration, and (b) 
representation of the more important defects in Cu2O [33].
Figure 2.7. Schematic diagram of the energy levels for a typical metal oxide 
(left) and for SnO (right). For the typical metal oxide, the VB is 
dominated by the O 2p orbitals and the CB by the cation states 
(e.g., Sn 5s for SnO2). For SnO, the energy proximity of the Sn 
5s and O 2p states results in equal contributions to the VB edge 
[37]. 
The p-type conductivity characteristics of SnO are as follows. Togo et al.
reported the demonstration of tin oxide based on the first-principle 
calculation which is summarized as follows: (1) The VSn (Sn vacancy) and 
Oi (O interstitial) act as acceptor-like defects for p-type conductivity under 
O-rich conditions, while Sni (Sn interstitial) and VO (O vacancy) act as 
donor-like defects for n-type conductivity under Sn-rich conditions. (2) The 
origin of p-type conductivity in SnO is mainly attributed to VSn and Oi, that 
when fully ionized. (3) The Oi is hardly ionized and so it can not expect to 
contribute to the generation of holes. (4) The VSn is the dominant defect 
served as a source of hole carriers for the p-type conductivity [38_Togo]. 
Moreover, the demonstration of tin oxide based on the first-principle 
calculation that Sn 5s and O 2p are mainly composed near VBM as shown in 
Fig. 2.8. Due to the hybridized orbitals, the Sn 5s orbital could further reduce 
the localization by O 2p orbital, which could be expected to improve hole 
mobility. As mentioned above, the p-type conductivity of SnO is explained 
by the VSn, which can be more easily understood from the E. Fortunato 
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2+ + Vsn
- + Oi
2- + ½O2 + Vo
+, giving rise to the 
formation of two holes, without or with the formation of an ionized VO, and 
the ionized Oi is relatively not well formed. From these chemical reactions 
and the first principle calculations of SnO, it defines that the p-type 
conductivity of SnO is due to VSn.
Figure 2.8. Band structure left and projected density of states (PDOS) right 
of the unit cell of the SnO perfect crystal. The energy of the 
highest occupied band at the  point is set to 0 eV. The highest 
occupied state is located between the  and M points. The 
lowest unoccupied state is given at the M point. The background 
of the band structure and PDOS figures denotes three 
characteristic energy regions in the valence band [38].
2.3. Metastable p-type SnO
According to the Sn-O phase diagram at atmospheric pressure, the most 
common oxides of Sn are p-type SnO and n-type SnO2 at RT [40_Batzil] as 
shown in Fig. 2.9. Among them, the p-type SnO is known as the
thermodynamically unstable structure at ambient conditions which can be 
easily converted into stable n-type SnO2 by mechanical pressure at high or 
thermal treatment at moderate temperature [32_Bipolar, 41_Giefers, 42_W. 
H. Doh]. As p-type SnO is a metastable phase, it is likely to either be 
reduced to a zero valence state (metallic Sn) or be oxidized to a higher 
valence state (n-type SnO2), even in the absence of external oxygen [7_Z. 
Wang]. Moreover, it found that the deposited film often shows multi-phases 
including metallic Sn and/or SnO2, rather than pure SnO [43_J. Zhang].
Consequently, for obtaining the p-type conductivity of SnO, which can only 
be existed in a narrow window of grown conditions, the thermodynamic 
conditions such as oxygen partial pressures and applied temperatures should 
be very sensitively controlled [20_Yabuta]. Some of the facts are partially 
consistent with our experimental results that both the p-type pure SnO and 
multi-phase SnO with metallic Sn are not only obtained under specific 
process conditions such as very lower deposition pressure and limited 
temperatures for annealing but also can be intendedly fabricated by 
controlling the sputtering power.
Figure 2.9. The Sn-O phase diagram.
The phase transformation from p-type SnO to n-type SnO2 is dependent on 
many factors such as the film preparation method and conditions, the post 
thermal treatment method, atmosphere, duration, and temperature, 
respectively [44_Liang_optical]. Among them, the theoretical and 
experimental studies have intensively focused on the temperature effect on 
the phase transformation by various research groups [41_Giefers, 45_Geurts, 
46_Moreno_1992, 47_Pei]. Generally, the phase transformation conditions,
except for the doping effects, can be categorized as (1) oxidation and (2) 
decomposition reaction, which are classified by whether the temperature is 
high or low. First, SnO is known to be oxidized into SnO2 when annealed at 
around 300 °C in the air by an internal displacement of O, followed by an 
incorporation of external O [44_Liang_optical, 48_Allen_2011]. The first 
oxidation effects were observed after heating at 200 °C and total conversion 
to SnO2 was achieve at 650 °C [45_Geurts]. Second, SnO can be 
decomposed to SnO2 with the expulsion of Sn atoms at high processing 
temperature even in the absence of oxygen [41_Giefers, 57_Pei]. It is also 
called the disproportionation reaction. M. S. Moreno et al. reported that the 
disproportionation reaction begins slowly at temperatures above 300 °C and 
displays its fastest rate between 400 and 500 °C, which the 
disproportionation reaction seems to be faster than the oxidation reaction 
[46_Moreno_1992, 49_Moreno_2001]. This result mentioned above can be 
visualized as a diagram in Fig. 2.10. Figure 2.10 shows the schematic 
diagram of phase transformation from SnO to SnO2 via the oxidation and the 
disproportionation reaction. The curve indicates the Gibbs free energy. All 
information in Fig. 2.10, which is theoretically and experimentally obtained 
by other research groups mentioned above, is graphically organized 
[49_Moreno_2001, 50_A. G. Sabnis, 51_M. Kanayama]. 
Figure 2.10. The schematic diagram of phase transformation from SnO to 
SnO2 via the oxidation and the disproportionation reaction.
The curve indicates the Gibbs free energy.
2.4. Research trend of p-type SnO
Research on the trend of SnO as a simple binary material and its TFTs has 
been studying until 2008, starting with SnO TFT fabricated by pulsed laser 
deposition (PLD) method in 2008 by H. Hosono Group. However, except for 
the result published by H. N. Alshareef group in 2013, it can be seen that the 
electrical characteristics of the TFTs are considerably lower than those of the 
n-type TFTs. Moreover, in the case of SnO TFTs, all of them showed 
characteristics only in polycrystalline phase, and these results are still 
lacking compared to n-type oxide materials. The research trend of p-type 























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































   
   
   




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3. Characterizations p-Type Tin Monoxide Thin 
Films Deposited by Co-sputtering
3.1. Experimental
A heavily doped p-type silicon (p++ Si) wafer was used as the substrate. P-
type SnO thin films by co-sputtering technique with a pure SnO (SnO; 
99.99 %, 3 inch diameter, Toshima) and a metallic tin (Sn) targets (99.99 %, 
4 inch diameter, Thifine) were prepared on the substrate by conventional RF 
magnetron and DC magnetron sputtering systems, under a working pressure 
of about 1.5 × 10-3 Torr (0.2 Pa). The sputtering was done at room 
temperature (RT) in only pure argon (Ar) gas used at 20 sccm. Before 
deposition, the main chamber was evacuated to a background pressure of 1.0 
× 10-7 Torr (1.3 × 10-5 Pa). To control the Sn amount, DC powers of the Sn 
target (PSn DC) varied from 0 to 70 W while the RF power of the SnO target
(PSnO RF) was fixed at 80 W. The deposition rates were ranged from 0.73 to 
2.63 Å/s. Co-sputtered SnO thin films were then post-annealed at 180 °C in 
air for 25 min using a microwave annealing (MWA, 2.45 GHz) equipment to 
crystallize the SnO film layers (SUX-02, Unicera). Figures 3.1 show the 
schematic diagrams of the co-sputtering system and microwave annealing 
chamber, respectively. The thickness of all SnO thin films in this work was 
kept at an approximate value of 30 nm. 
The crystal structures and crystallinity of the films were investigated using 
grazing-angle incident X-ray diffraction (GIXRD, PANalytical X'pert Pro) 
with an incidence angle of 0.5° using Cu K` X-ray radiation. The surface 
morphology of the films was imaged by field-emission scanning electron 
microscopy (FE-SEM, SU9000, Hitachi). Cross-sectional images of the film 
were acquired using high-resolution transmission electron microscopy 
(HRTEM, JEM-2100F, JEOL). The TEM samples were fabricated by 
mechanical grinding down to ~1 m thickness and final thinning by mild ion
milling, which involves minimal adverse effect from the sample fabrication 
process. The film morphologies were examined by the atomic force mic
roscopy (AFM, JEOL, JSPM-5200). The film thickness, deposition rate,
and film density were evaluated by means of X-ray reflectivity (XRR, X'pert 
Pro, PANalytical) measurements. X-ray fluorescent spectroscopy (XRF, 
Quant'X, Thermo SCIENTIFIC) was used to estimate the layer density of 
SnO films which show the metallic Sn content in this film. The Si substrate 
curvature was monitored with a Multi-beam optical sensor (MOS) wafer 
curvature system (kSA-MOS, K-Space Associates, Inc.) to obtain the 
physical properties of the films by measuring the residual stress. To 
investigate the chemical binding state of the annealed films, X-ray 
photoelectron spectroscopy (XPS, AXIS-HSi, KRATOS) was employed
using monochromatic Al K` source. The depth profiling of the films was
carried out using Auger electron spectroscopy (AES, PHI-700, ULVAC-PHI). 
Carrier concentration, Hall mobility, and resistivity were extracted from Hall 
measurements (HMS-3000, Ecopia) in a Greek-cross patterned, 100 nm 
thick, co-sputtered SnO thin films on the silica glass (Eagle XG) substrate, 
and were obtained at RT in a magnetic field of 5500 G with the Van der 
Pauw configuration. A 60 nm sputtered Au electrode was used for the Hall 
measurements. 





}}"& for the films for the 
electrical measurements and stress measurements. For the stress 





sufficient curvature to measure. To completely exclude the possible 
contribution from the Si substrate during the measurements of the electrical 
properties, 100nm-thick films were grown on silica glass under the identical 
conditions. The stress levels of the films grown on the silica glass could not 
be measured due to the too small curvature of the samples (owing to the high 
thickness (700 m) and stiffness of the Eagle XG glass), but the similar 
structural analysis results of the films indicated that the different types of 
substrate did not critically influence the growth characteristics and phase-
evolution during the post-deposition annealing. The thicker films (100 nm) 
were necessary because the 30nm-thick films showed too high resistivity to 
acquire reliable Hall coefficients.
The bottom-gate and top contact type SnO TFTs fabrication were
performed by a conventional photolithography technique, where a p++ Si 
wafer was used as a substrate and a gate electrode. A 35-nm thick thermally 
grown SiO2 was employed as a gate insulator, and a 13.5 nm-thick SnO thin 
film was deposited onto the SiO2/Si substrate by the co-sputtering method. 
SnO active channel area was isolated by a wet chemical etch in diluted 
hydrofluoric (HF) solution, and then, 60 nm-thick sputtered Au source and 





TFTs were subjected to post-annealing at 160 °C in air ambient for 25 min, 
using a MWA equipment to improve contact properties between a SnO 
channel and S/D electrodes. The electrical properties were measured using a 
semiconductor parameter analyzer (HP4155A, Hewlett-Packard) at room 
temperature in a dark box.
Figure 3.1. The schematic diagrams of (a) co-sputtering with SnO and Sn 
targets and (b) microwave annealing equipment.
3.2. Structural properties
Figure 3.2(a) illustrates the GIXRD patterns of the 30 nm-thick as-
deposited thin films by co-sputtering in the PSn DC range from 0 to 70 W at a 
deposition pressure of 1.5 mTorr. 
 }  !'" } 	 
and 70°. In case of PSn DC = 0 W means that the single SnO RF magnetron 
sputtering was adapted at fixed 80 W without any Sn DC power applied.
Between 0 and 10 W of PSn DC ranges, no diffraction peaks appeared as a 
nano-crystalline or amorphous structure. As increasing the PSn DC up to 70 W, 
diffraction peaks observed and these intensities were gradually increased. 
The GIXRD patterns of as-deposited films indicated all metallic Sn 
diffraction peaks, irrespective of PSn DC ranging from 20 to 70 W. These 
}}}
!'"'&!"'&
(220) at 43.9°, (211) at 44.9°, and (301) at 55.3° planes of the metallic Sn 
phases (JCPDS card no.04-0673). This result showed that the sputtered Sn 
atoms from the two targets are a dominant factor in the deposited films.
Figure 3.2. (a) GIXRD patterns showing phase formation of 30 nm-thick 
as-deposited thin films dependence on the PSn DC with the 
fixed PSnO RF at 80 W at a deposition pressure of 1.5 mTorr.


















Sn DC Power = 0 W
Sn
Figure 3.2(b) illustrates the GIXRD patterns of the films annealed at 
180 °C. It revealed that all GIXRD pattern results were polycrystalline p-
type SnO structure, except for extra peaks at the red-colored A and B points 
in the PSn DC ranging from 30 to 70 W. It also indicated that the intensity of 
the diffraction peaks was markedly affected by the PSn DC. From the Fig. 
3.2(a) and (b) results, the p-type SnO phase could only be obtained through 
the annealing process. The randomly oriented two-}
}''
and at 33.3°, and four small broad peaks at 47.8°, at 50.8°, at 57.4°, and at 
62.1° could be attributed to the (101), (110), (200), (112), (211), and (202)
phases of SnO, respectively (JCPDS card no.06-0395). These peak-
broadenings are owing to the poor crystallinity. Moreover, we can see that 

 }  !"  '  '   }  

intensity of (101) at 33.3° diffraction pe }}&  
'
positions of the two main sharp peaks were slightly shifted with increasing 
the PSn DC. This can be deduced from the fact that the changes of physical 
properties in the annealed films occurred depending on the PSn DC.
Figure 3.2. (b) GIXRD patterns showing phase formation of 30 nm-thick 
annealed films at 180 °C dependence on the PSn DC with the 
fixed PSnO RF at 80 W at a deposition pressure of 1.5 mTorr.





















The GIXRD patterns of the co-}
|}PSn DC 
showed each two-weak peaks at the red-colored A and B point at the 





the diffraction intensity increases as a function of PSn DC. These weak 
diffraction peaks indicate the presence of metallic Sn in the SnO phase that 
could be assigned to the (200), (101), (220), and (211) planes of metallic Sn, 
respectively. As indicated in Fig. 3.2(b), the GIXRD patterns showed the 
dependence of phase formation on the different PSn DC which can be divided 
into two regions. The single-sputtered and co-sputtered SnO thin films at 0 
  PSn DC    }
	ed polycrystalline SnO phase, while co-sputtered 
#$ 
 |}     PSn DC    |} | #  #$
phases as the Sn-rich SnO crystal structure, and no other phase formed. All 
of the Sn atoms at PSn DC could be oxidized to forming SnO 
crystal structure by heat treatment process. However, the influence of Sn 
atoms in the deposited films over 40 W of PSn DC is increased, and all of the 
Sn atoms seemed to have not been oxidized. This result indicates that the 
amount of extra Sn atoms by co-sputtering process should be sensitively 
engineered to control the phase formation between pure SnO and Sn-rich 
SnO by adjusting PSn DC in Fig. 3.2(b).
Figure 3.2. (c) The zoom at the red-colored A and B points in GIXRD 
patterns in Fig. 3.2(b) showing the presence of Sn in SnO thin 
films increases as the PSn DC increases.
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In addition, to confirm the phase characteristics of SnO according to the 
thickness of the deposited film, the GIXRD measurement performed from 10 
to 150 nm of the annealed film. The PSn DC was fixed at 40 W based on the 
same deposition pressure to investigate the growth of the metallic Sn phase 
in the SnO phase. No peak was detected in the 10 nm-thick film as the
amorphous phase, while each SnO peak and metallic Sn peak started to 
appear at the 15 nm and 30 nm-thick films. As the film thickness increases 
up to 150 nm, the intensities of SnO diffraction peaks, as well as the metallic 
Sn diffraction peaks increased, and the number of SnO and metallic Sn 
diffraction peaks also increased. Note that the changes in the metallic Sn 
diffraction peaks with respect to the film thickness clearly confirmed in Fig. 
3.2(d). This result means that the portion of metallic Sn in the annealed film 
increases and the as-deposited film starts to oxidize from the film surface.
We can clearly confirm the change from the SnO phase to the Sn-rich SnO 
phase where metallic Sn phase coexists, which is similar to the result of Fig. 
3.2(c). Although the film thickness with the metallic Sn content in the 
annealed film was increased, the film properties dominated by metallic Sn 
phase as shown in Fig. 3.2(a) were not found. It can be expected that the 
number of O atoms, which bonded with the increasing Sn atoms, is also 
increased. From the GIXRD results in Fig. 3.2, both p-type SnO and Sn-rich 
SnO phases confirmed, and it has been shown more intuitively that the 
amount of Sn added to SnO can be sensitively controlled through the co-
sputtering, unlike the Sn DC reactive sputtering method using O gas.
Figure 3.2. (d) GIXRD patterns of annealed films at 40 W of the PSn DC with 
the fixed PSnO RF at 80 W dependence on the film thickness. No 
pronounced peaks were observed.



















(d)                               Annealed
Sn DC/SnO RF = 40 W/80 W
The GIXRD patterns of ~100nm-thick films at the as-deposited state and 
after the PDA at 180 oC were acquired as shown in Fig. 3.2(e) to confirm 
that the evolutions of phases during the film growth and heat treatment on 
the Si and glass substrates are identical. While the peak intensities and their 
relative ratios are different from the thinner films (~30 nm), the almost 
identical patterns of the films on Si and glass substrates for the given 
conditions indicated that the two substrates did not have a substantial 
influence on the phase evolution.
Figure 3.2. (e) GIXRD patterns showing phase formation of 100 nm-thick 
films on the bare glass and bare Si substrates according to the 
PSn DC with the fixed PSnO RF at 80 W at a deposition pressure of 
1.5 mTorr. The estimated film thickness from the XRR fitting 
for each sample is included in the each left side.
To find the causes of the change in the two main sharp diffraction peaks,
we have investigated the peak-positions and intensities of the SnO (101) and 
(110) from the GIXRD results in Fig. 3.2(b). Figure 3.3(a) illustrates peak-
positions of the intensities of the SnO (101) and (110) diffraction peaks 
observed in Fig. 3.2(b) as a function of the PSn DC, and it shows a large 
difference. The peak-position of SnO (101) shows a shift of less than about 
0.05°, which was marked a diagonal-red-line region, but the case of SnO 
(101) shows a large peak-position shift of about 0.25° which was marked a 
diagonal-black-line region as shown in Fig. 3.3(a). In contrast to the SnO 
(110) case, it can be inferred that the SnO (101) peak is disturbed by some 
external influence in growing. Therefore, it is necessary to deduce why SnO 
(101) only has a greater influence on the peak-position shifting. Figure 3.3(b)
shows the noticeable differences in the intensities of the SnO (101) and (110) 
diffraction peaks observed as a function of the PSn DC. When the co-sputtering
started at 10 W of PSn DC, the SnO (110) peak first appears in Fig. 3.2(b) and 
rapidly increased up to 40 W of PSn DC, while the SnO (101) peak relatively 
decreased as PSn DC increased above 50 W. The difference in intensities of the 
XRD peaks can have many origins such as grain size, lattice defects or 
parameters information, and preferential crystallite orientation [18]. Among 
them, we have investigated average grain sizes to explain the tendency of 
changing intensities for two main SnO (101) and (110) diffraction peaks.
Figure 3.3(c) and (d) show the full width at half maximum (FWHM) and 
the average grain sizes of (101) and (110) diffraction peaks. The average 
grain size of GIXRD patterns calculated by Eq. (1) for the co-sputtered SnO
thin films annealed at 180 °C at different PSn DC. The average grain size of 




where  is the grain size in the co-sputtered SnO thin films,  denotes the 
	
   ` !=1.5405 Å),  is FWHM of diffraction peaks that 
solely corresponds to the crystallite size with the instrumental broadening 
excluded, and  is the GIXRD peak position, respectively. As indicated in 
Fig. 3.3(c) and (d), the FWHMs of both SnO (110) and (101) diffraction 
peaks are inversely proportional to the each tendency of average grain size 
according to increasing PSn DC by Eq. (1), which can be related to the quality 
of crystallinity in polycrystalline co-sputtered SnO thin films. The extracted 
average grain sizes both SnO (101) and (110) diffraction peaks are almost 
similar ranged about 11-16 nm for all PSn DC ranges irrespective of the crystal 
planes, and each maximum grain size is obtained at 20 W and at 40 W of PSn
DC. However, since the degree of change of both SnO (101) and (110) grain 
sizes were too small, the meaning of the result in Fig. 3.3(d) seemed to be 
negligible. Note that the intensities of SnO (110) diffraction peaks at 0 and 5 
W of PSn DC were too small, and FWHMs could not be extracted.
As shown in Fig. 3.3(b) and (d), the average grain size of SnO (110) 
diffraction peak is proportional to the intensity of SnO (110) with increasing 
PSn DC. Because the intensity of SnO (110) diffraction peak is 
increased(decreased) as the FWHM of SnO (110) is decreased(increased) 
which is directly affected by the average grain size. However, it is difficult to 
directly define the relationship between the intensity and grain size of SnO 
(101) according to the PSn DC due to the irregularity of FWHM trend. In the 
initial PSn DC region, it can be inferred that the SnO (101) was received a 
disturbance on the growth as a large shift amount of the peak-position. As 
considered in Fig. 3.2(b) and Fig. 3.3, it can be inferred that the SnO thin 
films are denser, and the increasing Sn ratio causes the changes in co-
sputtered SnO thin film properties, which seem to be directly related to the 
Sn-rich condition with increasing PSn DC. Therefore, it is necessary to 
investigate the result of the peak-position shift of both SnO (101) and (110), 
including the reason why the SnO (110) peak-position shift had less effective
as compared to the SnO (101) case as shown in Fig. 3.3(a). This different 
tendency of the intensities and peak-position sifting both SnO (101) and (110) 
diffraction peaks as a function of the PSn DC will be more discussed on later.
Figure 3.3. Plots of (a) peak-positions and (b) intensities, (c) FWHMs, and 
(d) average grain sizes of SnO (101) and (110) diffraction peaks 
with different PSn DC with the fixed PSnO RF at 80 W. All results 











































































































































3.3. FE-SEM, HRTEM, and AFM analyses
The additional FE-SEM analysis was carried out to investigate the 
morphologies of the co-sputtered thin films. Figure 3.4 show FE-SEM 
images which a cross-sectional view of the 30 nm-thick as-deposited thin 
films on a bare Si substrate with tilted at 200K magnification under the 
different PSn DC at (a) 0 W, (b) 5 W, (c) 10 W, (d) 20 W, (e) 30 W, and (f) 40 
W. The films in the ranging from 0 to 10 W in Fig. 3.4(a)-(c) showed very 
smooth and featureless morphologies. While starting from 20 W of PSn DC,
the discernible nanorod-like or ellipsoidal grains with several tens of 
nanometers along the c-axis direction in Fig. 3.4(d)-(f) appeared with 
brighter than the FE-SEM images in Fig. 3.4(a)-(c). These tiny nanoscale 
grains indicate that it was randomly intermixed with the majority Sn and 
minority O atoms inside the film, which is consistent with the fact that the 
weaker metallic Sn diffraction peaks were appeared to appear from 20 W of 
PSn DC in the GIXRD analysis in Fig. 3.2(a).
As growing the ellipsoidal grains in perpendicular to the Si substrate with 
increasing the PSn DC, it can be found that the size of hemispherical small 
swellings by the grains on the surface of the film was also slightly increased,
contributing to the tiny increase in roughness of the film surface in Fig. 
3.4(d)-(f). This result seemed to be originated that Sn atoms were relatively
more deposited than O atoms on the films with increasing the PSn DC, as the 
most dominant factor for the growth of the ellipsoidal grains. Moreover, the 
increasing intensities of the diffraction peaks of the metallic Sn phases in Fig. 
3.2(a) showed the dependence on the growing ellipsoidal grains by
increasing the PSn DC in Fig. 3.4(d)-(f). It can be expected that the ellipsoidal
grains are the seed of forming the metallic Sn structure.
Figure 3.4. FE-SEM images of the 30 nm-thick as-deposited thin films on a 
bare Si substrate under the different PSn DC at (a) 0 W, (b) 5 W, (c) 
10 W, (d) 20 W, (e) 30 W, and (f) 40 W with the fixed PSnO RF at 
80 W.
Figure 3.5 show FE-SEM images which a cross-sectional view of the 30 
nm-thick co-sputtered SnO thin films annealed at 180 °C on a bare Si 
substrate with the same conditions under the different PSn DC at (a) 0 W, (b) 5 
W, (c) 10 W, (d) 20 W, (e) 30 W, and (f) 40 W, respectively. The FE-SEM 
image at 0 W of PSn DC in Fig. 3.5(a) showed featureless and smooth 
morphology which was coincident with the result in Fig. 3(a) irrespective the
heat treatment. Comparing GIXRD results between before and after heat 
treatment at 0 W of PSn DC, no peak was observed in the as-deposited film in 
Fig. 3.2(a), while one SnO (101) peak showed in the annealed film in Fig. 
3.2(b) despite the smooth surface of the film in Fig. 3.5(a). It seemed to be 
originated from the only heat treatment. As starting the co-sputtering at 5 W 
of PSn DC, the irregular protrusions, which were not observed in Fig. 3.4, are
formed on the surface of the annealed films, and then the protrusions in size 
and number are increased, which diameters with discernible ranging from 
about 10 to 160 nm, as the PSn DC increases in Fig. 3.5(b)-(f). When 
compared with the GIXRD results in Fig. 3.2(b), it can be expected that all 
SnO and metallic Sn diffraction peaks are related to appearance. As the parts 
of cutting the irregular protrusion inside the annealed films closely observe 
in Fig. 3.5(c)-(f), it can be found that the interior of the protrusions, which 
were the brighter surface and covered on the grey-colored grains, are 
composed of the densely filled grains in the vertically grown on the Si 
substrate.   
Moreover, the bottom region of partial protrusions showed a crumb shape, 
not the distinct columnar grains, as if the Sn metal had slightly melted as
shown in Fig. 3.5(e) and (f). It can be inferred that the metallic Sn, which 
was not oxidized, was pushed up to the surface of the film and then it also 
oxidized, as the metallic Sn contents were excessively contained in the 
deposited film with increasing the PSn DC. This can be found from the cutting
protrusions on the film surfaces in Fig. 3.5(e) and (f). As a result, it can be 
considered that the metallic Sn components detected from the GIXRD 
results in Fig. 3.2(b) can be existed not only in the protrusions but also in the 
portion forming the film under the protrusions. As a part of the as-deposited 
film, which initially existed flatly, oxidized and caused the volume 
expansion after the heat treatment, the surrounding Sn atoms had highly 
affected by compressive stress. These Sn components having a relatively low 
melting point would be softened by the heat treatment and be precipitated on 
the film surface. Therefore, the metallic Sn states can be possibly formed the 
area under the precipitated protrusions, due to the atmospheric O prevented 
from penetrating further into the area during the heat treatment.
This whitening surface of protrusions, which is brighter than the grey-
colored surroundings of the films also can be found in Fig. 3.4(d)-(f). 
Although the brighter surface sizes of swellings in Fig. 3.4(d)-(f) were very 
small, it was defined the metallic Sn phases from the GIXRD results in Fig. 
3.2(a). From this result, it can be expected that the irregular protrusions
including the whitening surface in Fig. 3.5(b)-(f) are composed of the mostly 
SnO with the small portion of metallic Sn structures which were precipitated 
from the ellipsoidal grains with coalescences during the heat treatment in Fig.
3.4(d)-(f). However, to define what chemical and structural information of 
the protrusions have, a TEM analysis should be concerned, which will be 
discussed on later. While the surface size of the protrusion at 20 W of PSn DC
was too small to detect the metallic Sn component in the GIXRD, the 
metallic Sn diffraction peaks at 40 W of PSn DC appeared in Fig. 3.2(b) and 
(c), which seemed to be concerned the proportionally increased protrusion 
with increasing PSn DC. To solve the questions related to the protrusions, it is 
necessary to confirm where the metallic Sn exists in the annealed film. All 
the roughness at annealed films in the PSn DC ranging from 6.25 to 40 W in 
Fig. 3.5(b)-(d) increased more than those at as-deposited films in Fig. 3.4(b)-
(d), which was due to the irregular protrusions formed.
From the PSn DC at 20 W, the tiny and indistinct hemispherical swellings on
the surface of the films appeared and uniformly distributed apart from the 
irregular protrusions. As increasing the PSn DC, these swellings has grown 
more clearly and increased proportionally in number in Fig. 3.5(c)-(f). These 
swellings at annealed films are larger in size than those shown in Fig. 3.4(d)-
(f), but the number is relatively decreased. It can be inferred that the 
ellipsoidal grains identified in Fig. 3.4(d)-(f) coalesced with each other, and
Sn and O atoms were rearranged during the annealing process. Therefore, 
the majority contributed to form protrusions, while the minority contributed
to form swellings on the surface of the films in Fig. 3.5(d)-(f). It also can be 
expected that these swellings act as seeds in forming the protrusions by 
nucleating themselves and the growth of protrusions on the films was due to 
the increase of amount Sn atoms.
Figure 3.5. FE-SEM images of the 30 nm-thick annealed films at 180 °C on 
a bare Si substrate under the different PSn DC at (a) 0 W, (b) 5 W, 
(c) 10 W, (d) 20 W, (e) 30 W, and (f) 40 W with the fixed PSnO RF
at 80 W.
Figure 3.6(a) and (b) shows the cross-sectional HRTEM image on 20 nm 
scale of the as-deposited and annealed films, respectively, with the Sn DC 
power of 40 W in order to define whether the surface part of the whitening 
protrusions is metallic Sn or SnO phase as shown in Fig. 3.5(f). The as-
deposited film shows mostly crystallized polycrystalline microstructure with 
columnar shape grains, which was corroborated by the GIXRD results in Fig. 
3.2(a) and FE-SEM images in Fig.3.4(f). There are remaining amorphous-
like regions between the grains, suggesting incomplete crystallization of the 
entire film. Careful examination of the lattice fringes and fast-Fourier 
transformation (FFT) shows the presence of crystallized metallic Sn 
inclusions (JCPDS card no.04-0673) corresponding to the yellow square and 
its FFT image in Fig. 3.6(c) and (d), which was a coincidence with the 
GIXRD results in Fig. 3.2(a).
As can be seen the HRTEM image at the annealed case in Fig. 3.6(b), the 
two regions are shown as upper irregular protruded and lower uniform bulk 
regions in the film. The amorphous-like regions almost disappear suggesting 
the enhanced crystallization to the SnO phase after the heat treatment. The 
large protruded region on the film surface was identified as the crystallized 
SnO (JCPDS card no.06-0395), as can be understood from the enlarged 
HRTEM and FFT images in Fig. 3.6(e) and (f), which corresponds to the red 
squared region in Fig. 3.6(b), which was also coincidence with the GIXRD 
results in Fig. 3.2(b). The careful examination of the bulk region of the film 
revealed that a small portion of the metallic Sn was remained, as indicated 
by the yellow squared region and its FFT image in Fig. 3.6(g) and (h).
Moreover, the tetragonal SnO phase appeared in all the remaining regions 
except for the yellow square region of the uniform bulk bottom region in Fig. 
3.6(b).
In a summary, in the case of the protruded region at the annealed film,
excessively deposited Sn rose above the surface of the film through the heat 
treatment process, and it formed irregular protrusions and reacted with O,
and then oxidized to form the SnO phase. Although the SnO also formed in 
the uniform bulk region of the film during the heat treatment, these SnO
protrusions interfere with the O penetration into the uniform region at the 
bottom of the film surface, and a part of the uniform region still may be 
possible to maintain the metallic Sn phase as shown in Fig. 3.6(b). Moreover,
the probability of finding such region was quite a low suggesting that these 
regions are isolated, so may not induce metallic electrical conduction 
through the film.
Figure 3.6. HRTEM images of the 30 nm-thick (a) as-deposited and (b) 
annealed films at 180 °C on a bare Si substrate under the PSn DC at 
40 W with the fixed PSnO RF at 80 W. (c) The enlarged image and 
(d) the fast Fourier transform pattern corresponding to the yellow 
square regions at the as-deposited film in HRTEM images. (e), (g) 
The enlarged images and (f), (h) the fast Fourier transform 
patterns corresponding to each red and yellow square region at 
the annealed film in HRTEM images.
Figures 3.7(a) and (b) show the low magnification of the annular dark field 
image achieved in the scanning TEM mode (STEM), which also used to 
acquire the elemental mapping results using energy dispersive spectroscopy 
(EDS) of the two films in Fig. 3.6(a) and (b). While the as-deposited film did 
not show any notable features in Fig. 3.7(a), the image of the film at 
annealed state in Fig. 3.7(b) clearly indicates the presence of surface 
protrusions (indicated by white arrows). The EDS mapping results of Sn and 
O of the annealed film from the area enclosed by the white rectangle in Fig.
3.7(b), shown in Fig. 3.7(c) and (d), respectively, to find the metallic Sn 
aggregates of the protruded and uniform bulk region. It clearly indicated that 
these protrusions are mostly composed of Sn and O, suggesting that these are 
SnO. Due to the limited spatial resolution and thick thickness of the TEM 
specimen, it was not possible to discern the metallic Sn phase from the bulk 
region of the film. However, the HRTEM image revealed that there are 
remaining Sn inclusions within the film even after the heat treatment.
Figure 3.7. STEM-EDS analyses showing electron images of the 30 nm-
thick (a) as-deposited and (b) annealed films at 180 °C on a bare 
Si substrate under the PSn DC at 40 W with the fixed PSnO RF at 80 
W with (c) Sn, (d) O elemental mappings of the annealed film.
The morphological evolution of the 30nm-thick films grown on the Si and 
glass substrates under the conditions of 0W and 40 W PSn DCs, respectively, 
were compared using topographic AFM images as shown in Figure 3.8. They 
also indicate that the different types of the substrate do not have a significant 
impact on the film morphology. In addion, The roughness tendency of these 
result were also coincident with the FE-SEM results.
Figure 3.8. AFM topographic images of the 30 nm-thick films on the Si 
substrate under the PSn DC at 0 W at (a) as-deposited and (b) 
annealed states, and the PSn DC at 40 W at (c) as-deposited and (d) 
annealed states with the fixed PSnO RF at 80 W.
Figure 3.8. AFM topographic images of the 30 nm-thick films on the glass
substrate under the PSn DC at 0 W at (e) as-deposited and (f) 
annealed states, and the PSn DC at 40 W at (g) as-deposited and (h) 
annealed states with the fixed PSnO RF at 80 W.
3.4. Lattice parameters of the co-sputtered SnO 
As discussed previously in Fig. 3.2(b) and Fig. 3.3(a), there are slight shifts 
in the two-strong SnO diffraction peaks related to (110) and (101) planes, 
regardless of PSn DC. We believe that the diffraction peak shifting of SnO 
(101) and (110) planes are an indication of the strain-related intensity 
difference, or changing the lattice constants between neighboring Sn and/or 
O atom distances in the co-sputtered SnO thin films. Therefore, we have 
investigated the lattice parameters (a and c) of co-sputtered SnO thin films 
annealed at 180 °C at different PSn DC to find another cause of the intensity 
difference. From the peak-position-angles, the lattice spacing d between two 
crystallographic planes can be determined from Bragg's law as follows [52]: 
 = 2 (2)
In the case of the tetragonal structure of SnO, the relationship between 
lattice spacing and lattice parameters is expressed as [53]: 
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where h, k, and l are the Miller indices of the reflection plane. Thus, using 
Eq. (3) combined with SnO (101) and (110) planes, the lattice parameters a
and c were derived as follows: 
 = 2 (4)
 =   (5)
Figure 3.9 shows lattice parameters a, c, lattice volume (V = a × b × c; a =
b), and tetragonality (c/a) as a function of PSn DC, which were obtained from 
the SnO (101) and (110) diffraction angles in Fig. 3.3(a). The derived values 
of a and c were ranged from 3.778 to 3.784 Å and ranged from 4.848 to 
4.945 Å as a function of PSn DC in Fig. 3.9(a) and (b), also lattice volume and 
tetragoniality in Fig. 3.9(c) and (d) are extracted in the value ranging from 
69.30 to 70.68 Å3 and 1.282 to 1.308, respectively. The average values are 
about a = 3.780 Å, c = 4.905 Å, V = 70.12 Å3, and c/a = 1.297 which is 
incidentally coincident with the 50 W of PSn DC condition. This result is 
similar with those experimentally determined via the GIXRD patterns of 
deposited SnO films which were published previously (a = 3.802 Å and c =
4.836 Å (JCPDS card no.06-0395); a = 3.805 Å and c = 4.848 Å [54]; a =
3.796 Å and c = 4.816 Å [55]; a = 3.803 Å and c = 4.838 Å [56]). 
Theoretical studies have also reported comparable values: a = 3.885 Å and c
= 4.983 Å [38]; a = 3.801 Å and c = 4.835 Å [57]; a = 3.797 Å and c = 4.651 
Å [58]. Note that the lattice parameters of literature p-type SnO are referred 
which is marked with an orange-colored dashed line on the Fig. 3.9 [57].
As shown in Fig. 3.9(a), the lattice parameter an of the films is smaller than 
the value of literature p-type SnO at all PSn DC ranges, and there is not shown 
in noticeable tendency. It can be considered the contraction of the a-axis 
length which originated from the compressive strain in the ab plane of the 
films. However, it shows a constant lattice parameter an irrespective of the 
PSn DC, it seems to be due only to the process environment of the present 
sputtering.
When the PSn DC increases from 0 to 10 W, the lattice parameter c of the
films was significantly increased about 0.1 Å and then it was slightly 
decreased about 0.05 Å with increasing the PSn DC up to 70 W, which showed
the abnormal tendency in Fig. 3.9(b). The lattice volume at 0 W of PSn DC is 
smaller than the value of literature p-type SnO, as the lattice parameters a
and c are small and similar to one. It means that VSn (Sn vacancy) seemed to 
be considerably contained in the film, leading that the lattice parameter c
abnormally reduced. The fact that the lattice parameter c value at 0 W of PSn
DC was close to the literature value can be regarded as the SnO lattice along
the c-axis direction was in a fairly stable state. However, we should be 
considered that this result may not be true. Since the lattice parameter a at all 
PSn DC is relatively smaller than the literature value, the lattice parameter c
should be higher than one. The reason for this is that maintaining the 
constant unit cell volume is an important factor in terms of thermodynamics.    
On the basis of this assumption, the SnO lattice at 40 W of PSn DC can be 
considered as the relatively stable structures due to its lattice volume closer 
to the literature value, while the SnO lattice at 0 W of PSn DC is far from the 
stable state due to its lattice parameter c similar to the literature value. From 
this point of view, the lattice volume of PSn DC at 10 W is also far away from 
the literature value, and it suggested that the SnO crystal structure at 10 W 
case is also unstable.
The plotted shapes of lattice volume and tetragonality at different PSn DC as
shown in Fig. 3.9(c) and (d) are mirrored by the tendency of lattice 
parameter c. Since all values of lattice parameter a are lower than the 
reference value, the temporarily expanded lattice volume up to 10 W of PSn
DC can be approximated to the reference value by increasing the PSn DC. It can 
be expected that the co-sputtered SnO thin films based on the same thickness 
become denser with the relatively stable SnO crystal structure as increasing 
PSn DC.
Comparing the deviations of the lattice parameters a and c at different PSn
DC in Fig. 3.9(a) and (b), the lattice parameter c is more varied. The plot of 
the two lattice parameters a and c according to the PSn DC in Fig. 3.9(a) and (b) 
are inversely proportional to each tendency of peak-position shift both SnO
(101) and (110) in Fig. 3.3(a). In other words, the peak-position of the SnO
diffraction peak is related to the lattice parameters of the SnO unit cell,
respectively. Since there was not much shift in the peak-position of the SnO 
(110), the deviation of the lattice parameter a could be very small. However, 
the peak-position of the SnO (101) has relatively more shifted, and we 
confirmed that the deviation of the lattice parameter c had understandably to 
be high. It can be explained that the influence of increasing Sn ratio with the 
PSn DC have affected the changes in the lattice parameter c along the c-axis.
This result in Fig. 3.9 will be more discussed on later. 
Figure 3.9. (a) Lattice parameter a, (b) lattice parameter c, (c) lattice 
volume (a2c), and (d) tetragonality (c/a) as extracted from the 
peak-positions of SnO (101) and (110) from the Fig. 3.3(a) at 
different PSn DC with the fixed PSnO RF at 80 W. The horizontal 
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3.5. Physical properties
The effect of PSn DC on the density of as-deposited and annealed films is
investigated by XRR as shown in Fig. 3.10(a) and (b). The estimated 
thickness of each sample is included in the lower center of the Fig. 3.10 (a)
and (b), which are about 30 nm thickness. The density of the films could be 
evaluated from the critical angle, where the intensity of the reflected X-ray 
beam is half of the maximum of that in the XRR spectra [59]. From the 
critical angles of the as-deposited and annealed XRR spectra in Fig. 3.10 (a)
and (b), the film density gradually increased with increasing PSn DC. The 
variation of film densities in Fig. 3.10(a) and (b) are estimated and 
summarized in Fig. 3.10 (c) which are ranged from 5.29 to 6.40 g/cm3 at as-
deposited and from 5.86 to 6.38 g/cm3 at annealed, respectively. The lowest 
film densities of both as-deposited and annealed cases are obtained at 0 W of 
PSn DC, and then the film densities are abruptly increased in the initial PSn DC
ranges. Up to 70 W of PSn DC, the film densities are slowly increased and 
approached the literature p-type SnO film density (6.45g/cm3) which is 
marked with an orange-colored dashed line on the Fig. 3.10(c) [26]. It means
that the annealed SnO films become denser by increasing the PSn DC in Fig. 
3.10(c), which is in accordance with the result in Fig. 3.9(c).
Figure 10(b) also contains the data for the 30nm-thick as-deposited and 
PDA samples grown on glass substrate. They show consistent data to the 
films on the Si substrate. The quantitative densities of the films on the Si and 
glass substrates under the identical conditions are tabulated in Table 1.
Figure 3.10(d) depicts the Sn layer densities and Sn atom concentrations of 
the films at different PSn DC, and the Sn layer densities were measured by 
XRF, respectively. The Sn layer densities of two samples also increased 
under increasing the PSn DC, which ranged from 11.97 to 15.81 {|
2 at as-
deposited states and from 11.75 to 15.60 {|2 at annealed states. The Sn 
layer densities maintained a similar value for each PSn DC, irrespective of 
before and after the heat treatment. The Sn atom concentrations are extracted 
from combined the value Sn atomic mass unit (amu; = 118.71 amu = 1.971 ×
10-22 g) with each film thickness as a function of PSn DC in Fig. 3.10 (a) and 
(b). The Sn atom concentrations are ranged from 1.99 × 1022 to 2.63 × 1022
cm-3 at as-deposited and from 1.99 × 1022 to 2.62 × 1022 cm-3 at annealed 
states. Although the lattice volume values according to the PSn DC are 
different from each other in Fig. 3.9(c), the tendency of Sn atom 
concentration shows in proportion to the tendency of Sn layer density in Fig. 
3.10(d). It is shown that the increasing degree of Sn layer density gradually 
decreases with increasing PSn DC, indicating that the deposited Sn atoms in 
the films were reached as a certain level of saturation state.
Moreover, the results of XRR and XRF have a common tendency that the 
notable changes in the film density and the Sn layer density can be found at 
the earlier PSn DC. The film density and the Sn layer density increase rapidly 
in the initial PSn DC region, and the degree of SnO density and the Sn layer 
density increase sharply decrease as increasing PSn DC. From the proportional 
relationship between the SnO film density and Sn layer density in Fig. 3.10
(c) and (d), it can be expected that the amount of deposited Sn increasing 
with the PSn DC is the dominant factor in the increase of film density.
As compared to the XRR results between as-deposited and annealed films,
it showed the similar plot characteristics of the film densities before and 
after the heat treatment according to the PSn DC in Fig. 3.10(c). It can be 
explained that the microstructure of the as-deposited films has a direct 
influence on the increasing tendency of densities for the annealed films due 
to the heavier Sn weight. The grains of the as-deposited film, which were 
mainly Sn atoms, oxidized to SnO by the atmospheric O during the heat 
treatment process to fill the void between the grains. It is consistent with the 
fact that the metallic Sn phases disappeared and most SnO phases were
formed, which can be confirmed from the GIXRD results in Fig. 3.2(a) and 
(b). As shown in Fig. 3.10(c), the XRR result shows that the densities of the 
as-deposited films increased after the heat treatment in the initial PSn DC
regions. The degrees of increasing film densities are about 0.6 g/cm3 at 0 W 
and 0.3 g/cm3 at 10 W of PSn DC. Based on the SnO lattice volumes of the
annealed films in Fig. 3.9(c), the contribution of one Sn and O atoms (O =
15.99 amu = 2.656 × 10-23 g) to the density of one SnO unit cell can be
roughly calculated from the values of about 2.82 g/cm3 and 0.38 g/cm3. This 
result can be inferred that the O atoms is the most dominant factor when the 
XRF results in Fig. 3.10(d) show the similar values to the Sn layer densities 
before and after the heat treatment.
However, the differences in film densities between before and after the heat 
treatment rapidly reduced and then disappeared with increasing the PSn DC.
Considering that the weight of the atoms constituting the film is the most 
dominant factor on the film density, the amount of Sn atoms, which in mass 
is heavier about seven times than O, increased in proportion to the PSn DC has 
the greatest influence on the film density. Although the number of O atoms 
introduced through the heat treatment increased, the contribution for the 
increase of the SnO film density by the O atoms was negligible. Because of 
this effect, since all as-deposited film densities were smaller than the 
theoretical SnO density, all annealed film densities were also to be smaller 
than the literature value, even though the amount of Sn atoms increased 
according to the PSn DC and the densification in the film proceeded through
the annealing process. Moreover, the fact that the external O atoms were 
difficult to penetrate into the film due to the increase of the protrusions can 
be considered as another reason.
Figure 3.10. (a) As-deposited and (b) annealed XRR spectra under the 
different PSn DC with the fixed PSnO RF at 80 W for the 30 nm-
thick deposited films. The estimated thickness of each sample 
is included in the lower center of the Fig. 3.10(a) and (b).
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Figure 3.10. (c) Film densities by the XRR, and (d) Sn layer densities and 
its Sn atom concentrations by the XRF results of 30 nm-thick 
as-deposited and annealed films on the bare Si substrate 
according to the PSn DC with the fixed PSnO RF at 80 W. The 
horizontal orange-colored dashed lines indicate the literature 
bulk p-type SnO values. The XRR results also include the film 
densities of both 30 nm-thick as-deposited and annealed films 
on the bare glass substrate.
Table 3.1. The film densities by the XRR at as-deposited and annealed 
films on the Si and glass substrates according to the PSn DC at 0 
W and 40 W with the fixed PSnO RF at 80 W.
3.6. SnO unit cell and its lattice vectors
As mentioned above in Fig. 3.3 and Fig. 3.9, the peak-position shift of SnO 
(101) diffraction peak was much larger than SnO (110), and the lattice 
parameter c also showed a larger change than a. We had concluded that this 
result originated from the increasing amount of Sn atoms and its 
interferences in the SnO lattice. Therefore, we have investigated the atomic 
structure of SnO with its lattice vectors. The excess Sn atoms by co-
sputtering must be physically considered how many Sn atoms can be 
possibly entered and where it had positioned in the SnO unit cell with 
maintaining its structure. Figure 3.11 illustrates the atomic structures of unit 
cells of p-type SnO. The p-type tetragonal SnO with a layered crystal 
structure is comprised of four O atoms and one Sn atom, which are forming 
the adjacent square pyramid Sn-O layers with ab sheets by stacking 
combinations of each other along the c-axis direction in Fig. 3.11. The lattice 
constants and graphical information in Fig. 3.11 referred to the other group's 
papers, respectively [60-63]. Considering the oxidation state of p-type SnO 
lattice, the atomic bonding between one Sn atom and four O atoms are 
composed of two ionic bonding and two covalent bonding. As a result, it can 
be expected that the theoretical p-type SnO is difficult to construct with the 
pure ionic bonding.
As shown in Fig. 3.11, the green-colored arrowed lines are marked on the 
p-type SnO structure. These lines are lattice vectors in the SnO unit cell 
representing the distance between the center and the center of each Sn and O
atoms, and total nine sections identified. Table 3.2 summarizes the lattice 
vectors of p-type SnO for literature and 0 W of PSn DC cases which are based 
on the ionic radii of Sn and O atoms as shown in Fig. 3.11. On the basis of 
the lattice vectors of the literature p-type SnO published by Allen group [60],
the extracted lattice vectors of the p-type SnO at 0 W of PSn DC was obtained.
For the 0 W of PSn DC, lattice vectors are also considered as the distances
between the edge and the edge of each Sn and O ion in order to directly 
identify the space into which the excess Sn ion can be entered. Considering 
the diameter of Sn and O in the ionic state and the lattice vectors in the ideal 
SnO atomic structure in Table 3.2 and Fig. 3.11, it can be expected that only 
one excess Sn atom can be possibly entered in the interlayer region of one 
SnO unit cell. It means the interspace between the upper and lower square 
pyramid Sn-O lone-pairs along the c-axis direction by the repulsive force 
between neighboring Sn atoms, namely the number of lattice vector 4 and 5
in Fig. 3.10. As previous studies providing the description of the bonding in 
SnO, this maintained interlayer is typically so-called the non-bonded van der 
Walls (vdW), or lone-pair region [48]. 
As the co-sputtering begins, each excess Sn atom which is physically 
unstable between the non-bonded regions is forcibly positioned, leading the 
temporary c-axis expansion up to 10 W of PSn DC by reducing the VSn and 
forming Sni (Sn interstitial) in the SnO lattice. From the presence of one 
excess Sn atom in one SnO unit cell as the Sn-rich SnO, the tetragonality of 
the SnO unit cell could be maintained in Fig. 3.9(d). If one SnO unit cell
physically contains two or more excess Sn atoms, the inherent tetragonality 
in the SnO lattice will no longer be maintained as the c-axis continues to rise.
Considering the above results, it can be inferred that the SnO structure does 
not accept the excess Sn atoms infinitely, but the number of excess Sn,
which can enter the SnO unit cell, is limited. This is the reason why the 
lattice parameter c of SnO could not be increased even though the PSn DC
increased by more than 10 W with increasing the amount of Sn atoms. Due 
to the influence of the inserted excess Sn atoms in the non-bonded regions,
all lattice parameter c in the PSn DC ranging from 10 to 70 W are 
understandably higher than the reference value in Fig. 3.9(b). From the 
results in Fig. 3.3(a), Fig. 3.9, and Table 3.2, it can be expected that the 
inserted excess Sn atoms in the SnO lattice were one of the causes of the 
large shift of the peak-position for SnO (101). Moreover, the deposition 
environment of co-sputtering, in which Sn and O atoms densely arranged in 
the ab plane irrespective of the PSn DC, can be another reason for constant 
peak-position of the SnO (110) with increasing the PSn DC.
As mentioned above, the increase in lattice parameter c about 0.1 Å up to 
10 W of PSn DC could be understood from the lattice vectors and the insertion 
of partial excess Sn in the SnO lattice through the Sn ion diameter in Fig. 
3.11 and Table 3.2. However, it is necessary to the reasonable assumption 
why the reduction of c-axis about 0.05 Å after the PSn DC of 10 W abnormally 
happened, even though the amount of Sn atoms was increased. This 
structural phenomenon why the lattice parameter c was decreased with 
increasing the PSn DC is expected to be related to the microstructure of the 
SnO film. At 10 W of PSn DC, the film is deposited with the relatively low 
portion of metallic Sn state. Most of the SnO grains are formed by heat 
treatment. Since they are rigid ceramics, the excess Sn is forced into the SnO
lattice, leading the increasing lattice parameter c.
Considering the heat treatment in progress with increasing the PSn DC by 
more than 10 W, in addition to the formation of SnO by oxidation, the excess 
metallic Sn atoms, which did not bond with O atoms, migrated to the surface 
of the film or gathered each other to inside the film, and then formed the soft 
metallic Sn states. This reason can be deduced from the FE-SEM image after 
heat treatment in Fig. 3.5, and the low melting point of Sn can also be 
considered as a cause. It can be inferred that these causes lead to the 
reduction of the lattice parameter c by preventing the small part of excess Sn 
atoms entering into the SnO and mitigating the stress effect of the film.
Moreover, as compared to the degree of increase in the lattice parameter c
at the PSn DC ranging from 0 to 10 W by the insertion of the excess Sn in SnO 
structures, the degree of decrease in the one at the PSn DC ranging from 20 to 
70 W is as small as about half in Fig. 3.9(b). This result inferred that the 
excess Sn inserted in the SnO lattice does not partially escape and continues 
to exist. Summarizing the above results, excess Sn atoms are subjected to 
various behaviors through heat treatment process under different PSn DC. The 
part of them are (1) forming SnO structure through the bonding with O atom,
(2) existed of Sni in the non-bonded region of the SnO lattice, (3) 
contributed to the formation of protrusions as the Sn inside the film rises to 
the surface, (4) forming the soft metallic Sn phase in the film separately 
from the SnO phase. It can be deduced the increasing and decreasing 
tendencies of the lattice parameter c.
However, since the Sni is known as an electron carrier source, it is difficult 
to consider in the p-type SnO thin film. Even if the Sni is inserted into the
non-bonded region of the SnO unit cell, the Sni could be easily
interconnected with the surround Sn atoms, and these Sn atoms would be
precipitated. It can be concluded that the reduction of the c-axis by the 
formation of the soft metallic Sn phases in the annealed films after the heat 
treatment obtained through the FE-SEM results is insufficient. From this 
result, the hypothesis about the increasing and decreasing c-axis of the SnO 
crystal structure by insertion and precipitation of the excess Sn atoms is 
unreasonable, and we have considered another hypothesis.
Figure 3.11. A conceptual atomic structure of the ideal unit cells of p-type 
SnO as referred from the literature based on the first principle 
calculation. The Sn and O ions are colored blue and red, and 
the light green-colored lines indicate the lattice vectors of each 




























































































































3.7. Residual stress measurements
We believe that the increase and decrease tendencies of the lattice 
parameter c as shown in Fig. 3.9(b) can be related to the film stress 
difference by an expansion or a contraction in the deposited films. To 
confirm the hypothesis, the residual stress measurements of the films were
conducted. The stress was measured before and after heat treatment in all the 
PSn DC ranges, the deposited films were all 30 nm-thick. The stress was 
obtained by varying the curvatures of the substrates before and after 
deposition of the films as shown in Fig. 3.12. The stress was then calculated
from the Stoney equation as follows [64].





where Es is the Young’s modulus of the substrate, s is Poisson’s ratio of the 
substrate, hs is the substrate thickness, hf is the film thickness, R0 is the initial 
substrate radius of curvature measured before deposition and Rf is the radius 
of curvature when the film stress is measured. Since the thickness of the Si
substrate is relatively thicker compared to the thickness of the deposited thin 
film, it is difficult to induce a change in the curvature of the Si substrate. For 
this reason, in order to maximize the variation of the Si substrate curvature, a 
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measurement value for the thin Si substrate before deposition of the film is 
zero value, and a negative sign of the stress indicates compressive stress, 
while a positive sign represents tensile stress. Compressive stress is 
generated by a force which is acting into or towards the center of an object 
which is trying to make the object smaller. Tensile stress is generated by a 
force which is acting away from an object which is trying to stretch the 
object or make the object bigger. As the films have a restoring force to return 
to the original state after the deposition process, the film with the tensile 
stress leads a attraction force between neighboring atoms tending to pull 
each other at a porous state, while the film with the compressive stress leads 
a repulsive force between neighboring atoms tending to push each other in 
opposite direction at a high-density state.
The stress tendency of the as-deposited films shows that the tensile to 
compressive stress characteristics change as the PSn DC increases. It can be 
explained by the fact that more Sn atoms by increasing the deposition rates 
are deposited on the substrate and the densities of the films are increased. It 
also can be considered the increasing the effect on bombardment ions due to 
increasing the sputtering power. Stress tendency of annealed films shows all 
compressive properties irrespective of PSn DC. The highest compressive stress 
value was obtained at the PSn DC of 0 W, and the lowest compressive stress 
value was reached at the PSn DC of 10 W which means that the tensile 
characteristic is relatively larger than that of the annealed film under 
different PSn DC conditions. After the PSn DC of 10 W, the compressive stress 
value is gradually increasing.
The lowest as-deposited film density at 0 W of PSn DC can be confirmed by 
the XRR results. As it is the microstructure of the most porous state, high O 
concentration penetrates into the film during heat treatment process, leading
the highest compressive stress characteristic. As a result of the co-sputtering 
process with a still porous film property at 10 W of PSn DC, the non-uniformly 
deposited atoms on the substrate formed with a stable arrangement with the 
thermal or lattice relaxation after heat treatment, so that the stress inside the 
film mitigated and returned to the original state as the tensile characteristic.
Based on these results, the stress states of the films at all PSn DC conditions 
after 10W could be expected to be normally lower than that of the as-
deposited films after the heat treatment. However, the compressive 
properties of annealed films after the PSn DC of 20 W were abnormally 
stronger than that of as-deposited films. The degree of increasing amount of 
Sn deposited on the substrate sharply decreased with increasing the PSn DC,
and it reached the constant saturation level as shown in Fig. 3.10(d). It can 
be explained that the as-deposited films in the PSn DC latter region, which are
relatively dense due to the increased amount of Sn, became denser again due 
to the excess O atoms penetrating during the heat treatment, leading the 
substantial oxidation of the incorporated Sn and the higher compressive 
properties than the as-deposited cases.
The stress tendency, in which the physical properties of annealed films 
temporarily become tensile characteristics and gradually change into 
compressive characteristics with increasing the PSn DC, is similar that the 
tendency of the lattice parameter c and unit cell volume at different PSn DC as 
shown in Fig. 3.9(b) and (c). From this result, it can be seen that the stress 
states of the annealed films after were reflected the tendency of lattice 
parameter c according to the PSn DC. In other words, the increase and decrease 
in c-axis of the SnO unit cell can be explained that the increasing amount of 
Sn atoms with the PSn DC directly affects the change in the microstructures
and properties of the annealed films through the heat treatment process.
Moreover, considering the layered structure of SnO, where the atomic 
packing along the a-direction is higher than along the c-direction (at the non-
bonded region), such structural variation according to the stress evolution 
can be also understood.
The stress value in the latter region of PSn DC at annealed films about half of 
that at 0 W of PSn DC as shown in Fig. 3.12, which can be explained as 
follows. As shown in the FE-SEM images at annealed films in Fig. 3.5, it 
confirmed that the part of increased Sn atoms induced the irregular 
protrusions on the film surface or formed soft metallic Sn inside the films.
This precipitation process by the Sn atoms excessively existing in the film 
would induce a structural relaxation of the compressive stress level inside 
the annealed film.
Figure 3.12. Measured film stress of 30 nm-thick as-deposited thin films 
and co-sputtered SnO thin films annealed at 180 °C 
dependence on the PSn DC with the fixed PSnO RF at 80 W.


























3.8. Chemical properties and atomic composition 
analyses
XPS measurements were performed to further confirm that the 30 nm-thick 
annealed films co-sputtered the desired p-type SnO stoichiometry and 
chemical compositions. High doses of Ar+ ion were used to sputter away the 
outmost layer, which was shallowly etched about 2-3 nm, to get rid of the 
carbon contamination as well as the native oxide layer on the topmost of the 
films so as to obtain the actual composition of the annealed SnO films. The 
binding energy data were calibrated with respect to the C 1s signal of 
ambient carbon at 284.6 eV. Figure 3.13(a) shows the spin-orbit split Sn 3d5/2 
and Sn 3d3/2 core-level of the dependence of the film on the PSn DC at a 
deposition pressure of 1.5 mTorr. The Sn 3d spectra in all PSn DC ranges 
include Sn 3d5/2 and Sn 3d3/2 peaks, which averagely located at ~486.2 eV 
(Sn 3d5/2) and ~494.6 eV (Sn 3d3/2), with two shoulders centered at ~484.7 
eV (Sn 3d5/2) and ~493.1 eV (Sn 3d3/2). It indicated the oxidized states of Sn 
with two different oxidation numbers in Sn0 and Sn2+, respectively. This 
result is similar to those experimentally determined via the XPS data of Sn 
3d core-level, which was published previously [28, 47, 65]. Moreover, The 
possible formation of SnO2 was well suppressed under the entire process 
conditions due to the co-sputtering process environment.
As the PSn DC increased, Sn
0 shoulder peaks as the metallic Sn, which were 
very small at 0 W of PSn DC, began to grow and can be confirmed to be 
increasing in intensities as shown in Fig. 3.13(b). It confirmed that the 
influence of the increasing Sn atoms with the PSn DC on the SnO film 
structure is increasing. The degree of Sn 3d peak shift at different PSn DC is 
negligible. The interval between Sn0 and Sn2+ peaks is approximately 1.5 eV, 
which is agreement with the results of the literature [23, 66]. Only two 
oxidized states of Sn both Sn0 and Sn2+ are appeared by deconvolution of the 
Sn 3d peaks, and no other peaks are observed in Fig. 3.13(a).
It found that the sharpest increase in the portion of the Sn0 shoulder peak at 
Sn 3d peak in Fig. 3.13(b) corresponds to the XRR and XRF results in Fig. 
3.9(c) and (d), which has the same tendency in the initial PSn DC. The portion 
of the Sn0 peaks between the PSn DC ranges from 10 to 30 W show similar 
values in Fig. 3.13(b). This can be related to the microstructure of the 
protrusion of the FE-SEM image after heat treatment in Fig. 3.5(c)-(e). If 
there was no significant difference in total area of the annealed film between 
the three samples from 10 to 30 W of PSn DC, it can be inferred that the 
degrees of remaining metallic Sn were similar. Finally, the portion of Sn0
peak grown larger as the number of metallic Sn increased at 40 W of PSn DC
in Fig. 3.13(b). 
Figure 3.13(c) shows the O 1s core-level spectra of the dependence of the 
film on the PSn DC. The deconvoluted O 1s peaks at ~530.1 eV and ~531.8 eV 
are associated with oxygen in SnO (O2--Sn2+) and chemisorbed oxygen 
(OChem) containing species, respectively [21, 65, 66]. The interval between
Sn2+ and O2—Sn2+ peaks is approximately 43.9 eV, which is agreement with 
the results of the literature [67]. The degree of O 1s peak shift at different PSn
DC is also negligible. The atomic percentages of Sn and O atoms for the 
annealed films are included on the left side of the Fig. 3.13(c). As increasing 
the amount of Sn atoms deposited on the films in Fig. 3.10(d), the 
composition ratio of Sn atoms relatively increased than that of O atoms with
increasing the PSn DC, even though all samples have the same Ar
+ ion etching 
depth, which indicates the proportional relationship. In other words, the 
degree of excess Sn entering into the total SnO lattices increases as well as 
the PSn DC, indicating the phases of changing from SnO to Sn-rich SnO, 
which is consistent with the GIXRD results in Fig. 3.2(b).
Moreover, the Sn:O composition ratio of PSn DC at 0 W shows that the 
composition ratio of O is relatively high compared to Sn, which can be 
considered to be related the residual stress result of the annealed film at the 
same condition. The sample at 0 W showed the largest changes in stress 
value with physical properties of the films before and after the heat treatment
as shown in Fig. 3.10(c). When the as-deposited film at 0 W of PSn DC
showed the lowest film density due to their relatively higher porosity than 
other PSn DC samples, it can be explained that the O atoms excessively 
penetrated into the voids in the film, inducing the high compressive 
characteristics to the surrounding SnO grains under heat treatment as shown 
in Fig. 3.12. It can be expected that the compressive characteristics by the O
atoms penetrating between SnO grains with sparsely formed in the annealed
film at 0 W are higher than the one by the O atoms penetrating between the 
metallic Sn regions and SnO grains with densely formed in the annealed film 
at 40 W. Therefore, the lattice parameter of the SnO unit cell of 0 W samples
showed the smallest c-axis value abnormally even though it was small a-axis 
compared to the literature value.
Figure 3.13. (a) The XPS spectra of Sn 3d for the 30 nm-thick co-sputtered 
p-type SnO thin films annealed at 180 °C dependence on the 
PSn DC with the fixed PSnO RF at 80 W.
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Figure 3.13. (b) The Sn0 peak portion in total Sn 3d peaks from the XPS 
results in Fig. 3.13(a).
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Figure 3.13. (c) The XPS spectra of O 1s for the 30 nm-thick co-sputtered 
p-type SnO thin films annealed at 180 °C dependence on the 
PSn DC with the fixed PSnO RF at 80 W. The atomic percentages 
of Sn and O atoms for the annealed films are included on the 
left side of the Fig. 3.13(c). 
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The further chemical properties of the films were examined. Figure 3.14
shows AES depth profiles of the 30 nm-thick films on a bare Si substrate 
under the different PSn DC at 0 W with (a) as-deposited and (b) annealed, and 
at 40 W with (c) as-deposited and (d) annealed. All the films exhibited 
negligible carbon content. Comparing two as-deposited films in Fig. 3.14 (a) 
and (c), it confirmed that the relatively high Sn atomic concentration at the 
PSn DC of 40 W, which was attributed to the co-sputtering condition, and it is 
coincident with the XRF result in Fig. 3.10(d). The surface of the films at the 
initial PSn DC region has similar composition ratio levels of both Sn and O
atoms. In the interfaces between Si and SnO in Fig. 3.14(a) and (c), the 
atomic composition ratio of O is relatively higher than that of Sn at 0 W of 
PSn DC. The reason can be explained that a large amount of sputtered Sn
atoms from both SnO and Sn targets was more deposited on the Si substrate
than O in Fig. 3.14(c), while the O atoms adsorbed to the outmost SnO target 
sputtered and more deposited on the substrate than Sn in Fig. 3.14(a), as the 
single sputtering started.
Comparing two annealed films in Fig. 3.14 (b) and (d), the atomic 
concentrations of Sn and O are about 55: 45 which showed allsmost identical 
depth profiles across the entire thickness for both samples. As considered the 
XRF results which showed the similar amount of Sn irrespective of heat 
treatment in Fig. 3.10(d), the amount of O in the atmosphere also 
proportionally increased as the amount of Sn increased with increasing the 
PSn DC after the heat treatment, leading the similar chemical composition ratio 
of Sn:O in Fig. 3.14(d). In both samples, it can be expected that the 
atmospheric O atoms penetrated more into the deposited films at a relative
rate during the annealing process. This result corresponds to the GIXRD 
result in Fig. 3.2(d), which showed that the Sn-rich SnO phase appeared 
even though the amount of Sn increased as the thickness of the deposited 
film increased. In the atomic concentration ratio of Sn:O = 55:45 which is 
the main region in Fig. 3.14(b) and (d), the region at 40 W of PSn DC is longer 
than that of 0 W. It means that the film at 40 W of PSn DC in Fig. 3.14(d) takes 
more etching time based on the same thickness of the films, indicating that 
the film at 40 W of PSn DC became denser with more Sn-O bonding than the 0
W case in Fig. 3.14(b). However, it did not show the difference between SnO 
and Sn-rich SnO as confirmed from the previous results. Because the area 
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result cannot discriminate the chemical composition of the uniform region 
and protruded regions in Fig. 3.14(d).
As considered the as-deposited films in Fig. 3.14(a) and (c), the sputtering 
time of the Si signal which started to appear at 40 W of PSn DC is faster than 
that of 0 W of PSn DC. It also found that the curve characteristic of the Si has a 
lower slope in Fig. 3.14(c), while the slope of the Si curve is steeped after
the heat treatment in Fig. 3.14(d). The Sn and O atoms seemed to be diffused 
on the surface of the Si substrate in Fig. 3.14(c), which means that the 
surrounding SnO islands are detected at the same time as the Si begins to be 
detected. This phenomenon can be explained by the fact that both Sn and O 
atoms are deposited non-uniformly on the Si substrate due to the high 
deposition rate as dependence on the PSn DC as well as the co-sputtering 
deposition environment. Considering two as-deposited films as shown in Fig. 
3.14(a) and (c), the atomic concentrations of Sn and O atoms at the 0 W case
showed the flat depth profile lines and uniformly detected. On the other hand,
the deviation of the atomic concentration level at the 40 W case is severe,
leading that the Si component in Fig. 3.14(c) could be detected earlier than
that of the 0 W of PSn DC in Fig. 3.14(a). In the case of 40 W sample, the 
unevenly deposited Sn and O atoms were densely rearranged forming the 
SnO crystal structures after the heat treatment, and the slope of Si curve 
changed relatively steep compared to that at the as-deposited film as shown 
in Fig. 3.14(c) and (d). Nevertheless, the Si curves of 40 W samples after 
heat treatment does not relatively steep compared to those of 0 W samples as
shown in Fig. 3.14(b) and (d). Therefore, another reason for the long tailing 
of the Sn and O profiles into the Si substrate region at 40 W sample can be 
assumed that the film consists of regions with different etching properties
randomly mixed both the small portion of metallic Sn and the mostly SnO 
regions. It can be also attributed to the above AES depth profile results, and
this assumption can be deduced from the HRTEM results in Fig. 3.6(b).
Figure 3.14. AES depth profiles of the 30 nm-thick films on a bare Si 
substrate under the PSn DC at 0 W with the fixed PSnO RF at 80 
W at (a) as-deposited and (b) annealed films, and the PSn DC at 
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Table 3.3 shows the variations in the atomic ratio (Sn:O) of the films 
deposited under the different Sn DC power conditions at the as-deposited 
and annealed states. These data could be achieved using XRF, which could 
only detect the Sn atomic layer density, and AES, which could detect oxygen 
as well as the Sn, and interpolation between the different conditions.
To achieve the Sn:O ratio from the XRF and AES, we took the Sn DC 
power 40W sample as-deposited and after PDA as the representative one. 
And we achieved Sn layer densities from the XRF and Sn:O ratios from AES 
of the samples. Then, we can estimate how high the layer densities of 
oxygen were for the as-deposited and PDA samples by comparing the two 
data. We did the same thing for the Sn DC power 0W samples and calculated 
the layer densities of oxygen for the as-deposited and PDA samples. Then, 
we can estimate the layer densities of oxygen of all the samples, even 
without their AES data, by the interpolation, which could be easily converted
to the atomic ratio from their respective layer density values.
In fact, such a method for estimating the Sn:O ratio is based on the 
assumption that the sputtered material from the SnO target is SnO molecules, 
and sputtered material from the Sn target is Sn atoms, which do not mutually 
interfere. It also assumes that the oxygen concentration increase during PDA 
is mostly due to the oxidation of Sn. The good coincidence of the calculation 
based on this method and chemical analysis by AES and XPS reveal that 
these are reasonable assumptions.
Table 3.3. The Sn:O atomic composition ratios at as-deposited and 
annealed films dependence on the PSn DC ranging from 0 to 70 
W with the fixed PSnO RF at 80 W. It calculated from the XRF 
results with the AES results based on 40 W of PSn DC at as-
deposited and annealed films.
3.9. Electrical properties
Figure 3.15(a) shows the dependency of carrier concentration, Hall 
mobility, and electrical resistivity on different PSn DC to investigate the 
electrical evolution of the films. The Hall measurements of the 100 nm-thick 
co-sputtered SnO films annealed at 180 °C evaluated at RT. The 60 nm-thick 
Au contact electrode deposited on the films. 
As the previous experiment, which was not shown in data, when the Hall
measurements were performed under 100nm-thick co-sputtered SnO films 
(note that the film thickness used as followed experiments was at 10, 15, 30, 
50, and 70 nm on every PSn DC), the resistivity showed a very high value. The 
sign of two cross hall coefficients was also inconsistent which could not be 
defined the conductivity types of the films. It concluded that the Hall
measurement was failed due to the implausible results of both the resistivity 
and the sign of the coefficient every measurement on the same sample. In 
order to find this reason, we measured the resistance of the films as
previously made for the measurements. As expected, the resistance showed 
values ranging from several mega to tens of mega-Ohms for each film with 
different PSn DC. Because of the very high resistance value of the films, the 
Hall measurement results were not reliable and reasonable. A reliable Hall
measurement criterion is that the resistivity value should be constantly 
measured when measured continuously on the same sample.
To obtain the reliable results, the film thickness increased from 30 to 100
nm. Finally, the resistivity of each 100 nm-thick sample measured constantly 
and repeatedly on every PSn DC. As previously reported by J. A. Caraveo-
Frescas et al., they conducted the Hall measurements of the 150 nm-thick 
deposited SnO films by Sn DC reactive sputtering [68]. It is the similar case 
of the film thickness for the Hall measurements. In addition, these Hall 
measurements have been performed out five to  times on the same 
sample in a Greek-cross patterned for each PSn DC condition to obtain the 
reliable and precise results. Error bar was marked in all carrier transport data 
of the annealed films on every PSn DC condition. The average values are 
plotted in Fig. 3.15(a), which are summarized in Table 3.4, respectively.  
The Hall measurement results of 100 nm-thick co-sputtered SnO thin 
films can be roughly divided into two regions with (1) and (2), based on the
carrier concentration and its polarity in Fig. 3.15(a). (1) PSn DC &
in which the co-sputtered SnO thin films indicate the p-type semiconducting 
behavior dominated by the p-type SnO phase with well-controlled metallic 
Sn amounts in the film. In this region, the hole carrier concentration, which 
polarity was plus, is slightly changed which has abnormal trend from 2.8 × 
1017 to 5.4 × 1018 cm-3. The Hall mobility shows an increasing trend from 1.5
to 8.8 cm2/Vs. The electrical resistivity decreases from 0.1 to 8.4 Ohmcm, 
which is inversely proportional to the carrier concentration, respectively. The 
maximum Hall mobility of 8.8 cm2/Vs is obtained at 40 W of PSn DC which 
accidentally does correspond to the Sn diffraction peaks first appeared at 40 
W of PSn DC as indicated the Sn-rich SnO phase in Fig. 3.2(b). This result 
means that the well-controlled amount of metallic Sn in SnO structure would 
enhance the Hall mobility, which was coincident with the published results 
[18].
As mentioned above, the hole carrier concentration decreased once, and 
then increased gradually in Fig. 3.15(a), which indicated the inverse relation 
with the plot tendency of SnO unit cell volume in Fig. 3.9(c). Considering 
the result in Fig. 3.9(c) based on the constant film thickness irrespective of 
PSn DC, it can be expected that the increase(decrease) in the volume of SnO 
unit cell means the decrease(increase) in the number of SnO unit cells per 
unit volume of the film. The reason why the hole carrier concentration 
decreased from 0 to 10 W of PSn DC is due to the decrease in the number of 
SnO unit cells in Fig. 3.9(c) and the increase in the amount of Sn atoms in 
Fig. 3.10(d) in the same PSn DC region. As the VSn positions inside the SnO 
lattice were partially filled by the increased Sn atoms, it can be expected that 
the amount of ionized VSn as the hole carrier source was reduced. Therefore, 
it can be understood that the Hall mobility increased due to decreased hole 
concentration at 10 W of PSn DC, while the Hall mobility at 0 W of PSn DC was
low due to the relatively high hole concentration and poor SnO crystallinity.
Although the amount of Sn atom is still increased after 10 W of PSn DC,
however, the hole carrier concentration shows an abnormal characteristic as 
if the ionized VSn increases in Fig. 3.15(a). This trend of the hole carrier 
concentration in the range from 10 to 40 W of PSn DC in Fig. 3.15(a) can be 
explained to be related the result of residual stress measurements at annealed 
films as shown in Fig. 3.12. As considered both tendencies between the hole 
carrier concentration and the residual stress results based on the PSn DC at 10 
W, the compressive stress value increased with increasing the hole carrier 
concentration, which exhibited the proportional relationship. It can be 
confirmed that the lattice parameter c started to decrease from the PSn DC at 
10 W even though the lattice parameter a was constant in all PSn DC ranges. It
means that the applied compressive stress of the annealed films leads the 
decreasing the volume of the SnO unit cell. It was induced by the 
incorporation of oxygen into the Sn-excessive film during the heat treatment. 
The intake of oxygen can increase the internal volume of the material
changed from the metallic Sn at the as-deposited state to the SnO at the 
annealed state, leading the compressive stress. This compressive property,
which affected the neighboring SnO structures, leads to increasing the VSn
inside the SnO unit cell due to forcibly coming out the excess Sn from the 
SnO to form the protrusions. Moreover, it can be expected that the increasing 
protrusions induced the partially formed disordered SnO structure inside the 
annealed film due to the escaped Sn. This assumption described in detail in 
fig. 3.15(b). 
For another reason, it is necessary to consider the optical analyses as 
previous results. As mentioned above, the part of the increased Sn atoms 
according to the PSn DC formed protrusions on the annealed films as shown in 
the FE-SEM images in Fig. 3.5(c)-(f). The uniform bulk region of the 
annealed film revealed that the small portion of the isolated metallic Sn 
region was as shown in the HRTEM image in Fig. 3.6(b). Form these results, 
it can be deduced that the reason why the metallic Sn could be remained was 
that the penetration of external O into the bulk region of the film was largely 
suppressed by the protrusion formation. Therefore, the partial Sn, which 
does not form a lattice, could not penetrate into the SnO lattice in the 
uniform bulk region and the amount of ionized VSn defects could be 
increased in proportion to the increase in the number of SnO unit cell with 
increasing the PSn DC ranging from 10 to 40 W. It shows that the tendency in 
the hole carrier concentration is inversely related to the unit cell volume of 
SnO.
In the region (1), the Hall mobility and PSn DC showed the proportional
relationship, which indicated that the Hall mobility of Sn-rich SnO phase
was higher than that of SnO phase. It also showed that the Hall mobility is 
gradually increased irrespective of the hole carrier concentration. It can be 
explained to the combination effect on the decreasing the lattice parameter c
accompanied by increasing the film density as well as the trap-mediated 
hopping conduction. However, the reason why the Hall mobility increases,
even though the hole carrier concentration increases, can be assumed that the 
hole carrier conduction mechanisms of the samples between before and after 
10 W of PSn DC are different. The tendencies between the Hall mobility and 
hole carrier concentration shows the inverse relationship in the PSn DC ranges 
from 0 to 10 W, which means the hole conduction in the valence band, which 
can be confirmed by the polycrystalline structure. On the other hand, the one 
shows the proportional relationship in the PSn DC ranges from 10 to 40 W, 
which means the hopping conduction at the valence band edge, which can be 
confirmed by the n-type amorphous or disordered structures for the 
percolation hopping conduction [3, 5, 69, 70]. It can be explained that the 
higher carrier concentration leads the higher probability of filling the deep 
trap sites in the valence band. This implies that the carriers in the shallow 
trap sites in the valence band, where the carrier has relatively lower energy 
barriers, can be moved more easily, leading the increasing the Hall mobility. 
This hopping conduction may be induced by the existence of disordered 
semiconductor regions in the microstructure of the annealed films in the PSn
DC ranges from 10 to 40 W. 
Moreover, considering the degrees of increasing Hall mobility according 
to each PSn DC ranges in Table 3.4, it was about 1.4 cm
2/Vs from 0 to 10 W 
and about 2.2, 1.8, and 2.0 from 10 to 40 W. It showed that the increase rate 
of the Hall mobility for each section had been larger after 10 W of PSn DC. In 
2017, V. Ha et al. reported that the Sn-O-Sn angles should be as close as 
possible to 180° to maximize the overlap between Sn-s and O-p orbitals and 
to minimize the hole effective mass for obtaining the high Hall mobility [71]. 
This report obtained from the first-principle calculation, respectively. When 
combined with the literature and the lattice parameters a and c in Fig. 3.9(a) 
and (b), it can be expected that increasing(decreasing) the c-axis according 
to the PSn DC means decreasing(increasing) the bonding angle of the Sn-O-Sn 
due to the constant a-axis of Sn or O atoms arranged on the ab plane. This 
result is in good agreement with the above literature.




due to the formation of the percolation path of the metallic Sn clusters in the 
film with an influence of the excessively increasing Sn as well as the film 
thickness. In this region, the carrier concentration, which polarity was a
minus, is significantly higher ranged from about 1021 to 1023 cm-3. The 
resistivity is lowered by about 4 orders of magnitude relative to those of the 
region (1) which decreased from 1.3 × 10-3 to 1.0 × 10-4 Ohmcm. As 
considered these resistivity values, it is not indicated the pure metallic Sn 
properties. Note that the resistivity of tungsten is 5.6 × 10-6 Ohmcm at 20 °C






Figure 3.15. (a). The plot of carrier transport data of the 100 nm-thick 
annealed films at 180 °C in the PSn DC ranging from 0 to 70 W 















0 20 40 60 80
Sn DC Power (W)
         p-Type
semiconducting 














































































































































































































































Figure 3.15. (b). The schematic diagrams of the 40 W of PSn DC film 
explaining the increasing VSn due to the compressive stress 
during the heat treatment in air.
In the region (1) of Fig. 3.15(a), the phenomenon of increasing Hall 
mobility irrespective of the tendency of the hole carrier concentration can be 
explained to the hypothesis. It means that the hole carrier conduction 
mechanisms between the single sputtered SnO film at 0 W and the co-
sputtered SnO film at 40 W of PSn DC were different due to the difference of 
in microstructure states inside the annealed films. To obtain the further 
analysis, the Hall measurement was performed according to the annealing 
temperature. For comparative analysis of the results, two samples for 
specific PSn DC conditions selected with the 0 W representing the SnO phase 
as a reference and 40 W representing the Sn-rich SnO phase showing the 
highest mobility. The thickness both SnO film and Au electrode were 
adopted the same conditions in Fig. 3.15(a), and the parameters are the 
annealing temperatures applied to the thin film, ranging from RT to 400 °C.
Figure 3.16(a) shows the Hall measurement result according to the 
annealing temperatures at 0 W of PSn DC. The p-type semiconducting 
characteristic was only obtained by the annealing temperatures ranging from 
180 to 250 °C. The measurement result in the other annealing temperature 
ranges could not be obtained due to the extremely higher resistivity values 
about the mega unit level (note that the film was not sufficiently crystallized 
and no carriers were generated under 150°C, and too high annealing
temperature may induce too much oxidation and no carriers can be also 
generated above 300 °C). The average values are plotted in Fig. 3.16(a),
which are summarized in Table 3.5, respectively. In the region showing p-
type semiconducting behavior, the degree of increase in Hall mobility is 
relatively small compared to the degree of decrease in hole carrier
concentration, which showed the inverse relationship. This is due to the fact 
that the resistivity is highly increased, indicating that the Hall mobility does
not simply increase in inverse proportion as much as decreasing the hole 
carrier concentration. It can be explained that more external O may penetrate 
into the SnO film as increasing the annealing temperature, thereby reducing 
the hole mobility while filling the VSn position and leading the increase of 
the resistivity. This tendency can be confirmed by the case at 40 W of PSn DC
in Fig. 3.16(b). 
Figure 3.16(b) shows the Hall measurement result according to the 
annealing temperatures at 40 W of PSn DC, which can be roughly divided into 
three regions based on the carrier concentration, its polarity and resistivity, 
such as metallic, p-type semiconducting, and higher resistivity behavior. As
the annealing temperature increases, the overall tendency of the carrier 
concentration decreases from about 1022 to 1016 cm-3 and that of the 
resistivity increases from about 10-4 to 103 Ohmcm (note that the metallic
behavior was due to the formation of the percolation of the Sn clusters under 
150 °C). In the case of Hall mobility, the value was proportionally increased 
with increasing the annealing temperature up to 180 °C, which showed the 
highest value, and the mobility inversely decreased thereafter. The average 
values are plotted in Fig. 3.16(b), which are summarized in Table 3.6,
respectively. In the polarity of carrier concentration, the metallic 
characteristic region is a minus, the p-type semiconductor region is a plus,
and the higher resistivity region is difficult to define the polarity (note that 
the resistive behavior induced by the excessive oxidation). Since the sign of 
two cross hall coefficients of the films was abnormally inconsistent, it was 
marked with plus and minus simultaneously (±) on Table 3.6. In the metallic 
behavior region below 150 °C of the annealing temperature in Fig. 3.16(b), it
can be seen that the metallic Sn phase is more dominant than the SnO phase
because the sufficient amount of O atoms does not react with the Sn atoms
due to insufficient thermal energy during the heat treatment process. It can 
also be seen that the mobility increases in inverse proportion to the decrease 
in the carrier concentration as the resistivity value is a similar level of 
approximately 10-4.
In the p-type semiconducting behavior region at the annealing temperature 
ranging from 180 to 250 °C in Fig. 3.16(b), which is the same region in Fig. 
3.16(a), the relatively increased thermal energy and more combined O and 
Sn atoms in the films resulted in a significant increase in the resistivity.
However, as opposed to the Fig. 3.16(a), it can be seen that the Hall mobility 
was significantly decreased as the hole carrier concentration decreases,
which showed the proportional relationship in Fig. 3.16(b). From these 
results, as shown in Fig. 3.16, the relationships between the Hall mobility 
and hole carrier concentration at 0 W and 40 W of PSn DC samples in the 
annealing temperature ranges from 180 to 250 °C are coincident with the 
tendency as confirmed the Hall measurement result in the region (1) in Fig. 
3.15(a).
As mentioned above, the reason why the Hall mobility can be increased 
steadily with increasing the PSn DC deduced the increase in hopping 
conduction effect. It may be originated from the partially formed disordered 
semiconductor structures as close to the Sn-rich SnO film. In other words, 
this film contains a high density of traps near the VB edge, making the film 
rather disordered p-type SnO semiconductor induced by the compressive 
stress property and the irregular protrusions as explained for the schematic 
diagram in Fig. 3.15(b). In addition, the thermal energy during the heat 
treatment process would be not enough to completely form the crystalline 
SnO structures, even though the amount Sn atoms is excessively increased.
From these results, it can be considered that the characteristics and 
microstructure of the film were changed from 10 W of Sn DC power at 
which the co-sputtering began with increasing the amount of Sn and the 
characteristics and microstructure of the Sn DC power 0 and 40 W films 
were different. Moreover, It can be considered that the crystallinity of the 
SnO formed at 40 W of Sn DC power sample compared to the 0 W sample 
may be relatively poor due to the increase in the thickness of the thin film 
deposited from 30 to 100 nm for the hole measurement sample.
Figure 3.16. The plot of carrier transport data of the 100 nm-thick annealed 
films in the annealed temperatures ranging from RT to 400 












































































































































































































































































































































































































































To estimate the possible correlation between the disparate electrical 
behaviors of the two types of films with their stress, the stress evolution of 
the two films as a function of annealing temperature was estimated. In this 
case, thicker 100 nm-thick films were sputtered under the 0 W and 40 W PSn 
DC conditions on 100 m-thick Si wafer to achieve even more accurate 
results and see thickness effects. The results are summarized in Fig. 3.17 for 
the films after the annealing at temperatures ranging from 180 to 250 oC for 
25 min in an air atmosphere. Apart from the results in Fig. 3.12, all the films 
are under the tensile stress condition, suggesting that the thicker films were 
more effectively influenced by the porous microstructure effect (0 W of PSn 
DC condition), i.e., the open region between the crystallized grains attracts the 
grains to each other (zipping stress) [73-75]. However, even under this 
circumstance, the film with 40 W of PSn DC condition has lower tensile stress,
which must be due to the compensation effect by the possible compressive 
stress effect induced by the oxidation of excess Sn during the heat treatment.
This means that the SnO grain itself could be under the influence of more 
compressive stress in this film, which may induce higher disorder or defects 
within the semiconducting SnO region. These effects, in turn, induce more 
disordered structure compared with the other film, and trap-mediated 
hopping conduction behavior dominates the overall electrical conduction 
property. 
Figure 3.17. Measured film stress of 100 nm-thick films in the annealing 
temperatures ranging from 180 to 250 C at the PSn DC of 0 W 
and 40 W with the fixed PSnO RF at 80 W.
The relationship between the carrier concentration and the Hall mobility at 
the PSn DC 0 W and 40 W samples was different according to the annealing 
temperature as well as the PSn DC as shown in Fig. 3.15(a) and Fig. 3.16. To 
further confirm if the hypothesis of the difference in hole conduction 
mechanism assumed above is correct, this time, we measured the Hall at the 
PSn DC of 0 W and 40 W for two samples according to the measured 
temperature. Figures 3.18(a) and (b) show the results of the Hall test from
the two samples in Fig. 3.15(a) after the heat treatment at 180 oC, when the 
test was performed at temperatures from room temperature to 300 oC and 
these results are summarized in Table 3.7 and 3.8, respectively. The 
measurement was performed under the air ambient with increasing the Hall 
measurement temperature, and the entire test sequence requires more than 4 
hours per sample. Therefore, the risk of oxidizing the film cannot be 
disregarded, and the transition of both films into the n-type semiconductor at 
temperatures higher than 180 oC indeed indicates that the significant 
oxidation of the films has occurred during the Hall measurements. Therefore, 
the data in the high-temperature region should not be taken to have the 
significance regarding the purpose of this work. At lower temperature 
regions, the two films show consistent behaviors to the data shown above. 
For the film grown with the 0 W of PSn DC, the carrier concentration 
decreases with the increasing temperature, which is inconsistent with the 
usual band conducting semiconductor. Therefore, the oxidation of the film to 
the SnO2 phase (at least on the film surface) still plays a role to produce traps 
or to decrease carrier concentration, which is consistent with the absence of 
excessive Sn. The increasing Hall mobility, however, with the decreasing 
hole concentration clearly reveal that this is a typical band conduction 
semiconductor.
For the case of the film grown with the 40 W of PSn DC shows an opposite 
trend in carrier concentration with the increasing Hall measurement 
temperature, i.e., it increases with the increasing temperature up to 180 oC. 
While the possible oxidation of the film into the undesired SnO2 might be 
suppressed by the absorption of oxygen into the remaining Sn metallic phase, 
the thermal activation of the carriers from the deep trap state to shallower 
traps or even to the valence band induced the abrupt carrier concentration 
increase. This is accompanied by the slight increase in the Hall mobility up 
to 100 oC, which is consistent with the hopping conduction mechanism near 
the mobility edge. An interesting finding could be made in the measurement 
temperature range from 120 to 180 oC, where the Hall mobility decreases 
with increasing the hole carrier concentration, which is consistent with the 
band conduction behavior. This appears a reasonable consequence of the 
carrier excitation from the deep level to the valence band at such high-
temperature region, i.e., when the carrier concentration reaches to a level ~5 
x 1019 cm-3, the shallow traps are fully saturated with the thermally excited 
carriers, and further generated carriers move into the valence band and 
conduct electricity via the band conduction mechanism.
Figure 3.18. The plot of carrier transport data of the 100 nm-thick annealed 
films at 180 C in the measurement temperatures ranging 
from RT to 300 C at the PSn DC of (a) 0 W and (b) 40 W with 
















































































































































































































































































































































































































































3.10. Co-sputtered SnO TFT analyses
From the Hall measurement results, we have decided that the optimum PSn
DC condition for application to SnO TFTs is at 40 W, and then the SnO TFT 
was fabricated by the conventional photolithography and its electrical 
characteristics were evaluated. Figure 3.19. The conceptual design of the co-
sputtered SnO TFT is depicted in Fig. 3.19(a), whereas Fig. 3.19(b) and (c) 
show the output and transfer characteristics of the co-sputtered SnO TFT at 
40 W of PSn DC, annealed at 160 ºC, 25 min. The output characteristic of SnO 
TFT in Fig. 3.19(b) shows that the negative drain current increases as the 
drain bias (VDS) decrease from 0 to -25 V, and the negative gate bias (VGS)
was applied from 0 to -20 V at -5 V intervals. The negative drain current 
increases with increasing the negative VGS, whereas the channel careers
deplete with decreasing the negative VGS, indicating the p-type behavior. The 
clear linear region can be observed, and the absence crowding at low VDS
region indicates an ohmic contact of Au with SnO. The transfer 
characteristic of SnO TFT in Fig. 3.19(c) measured with a low VDS = -1 V as 
the VGS ranging from -20 to 20 V, indicating that the on/off current ratio is 
~3.3 × 103. The threshold voltage (Vth), calculated from the IDS
1/2 vs VGS plot, 
was -0.8 V. These data mean that the SnO TFT operates in the p-type 
enhancement mode since the holes are generated at negative VGS. The 
slightly large off current, which is about 10-11 A level, are probably due to the 
large hole carrier concentration, > 1018 cm-3, as shown in Fig. 3.19(c). Note 
that the SnO channel thickness was reduced from 30 to 13 nm to improve the 
switching characteristic. The gate leakage current in the on the state was 
measured in the nA range, but this current level is slightly higher than the off 
current level, indicating poor insulating properties or damages of the 
dielectric layer by SnO deposition with high co-sputtering power. 
Optimization of the semiconductor-dielectric interface has been shown to 
play a crucial role in the improvement of the TFT device performance. 
Linear region field effect mobility ({lin) and subthreshold swing (SS) were 
evaluated with the conventional metal-oxide-semiconductor field effect 
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where IDS is the drain current, L and W is the device’s channel length and 
width, which were fixed 5  ' {|& GS is the gate voltage, Cox is the 
capacitance per unit area of the gate insulator and measured to be 60 nFcm-2
and an extracted dielectric constant of about 14. The {lin is about 0.3 cm
2/Vs,
and the SS is -7.917 V/decade. The SnO TFT mobility is highly smaller than 
the Hall mobility at the same 40 W of PSn DC condition, which indicates that 
the former is deteriorated by hole traps existing in the bandgap near the 
VBM or at the interface of the gate insulator and the channel. However, it is
still not clear why the large difference mobilities between TFT and Hall 
measurements happened. From this result, the unoptimized fabrication 
conditions should be considered further to improve the electrical 
performance of p-type SnO TFTs.
Consequently, it can be confirmed that the carefully controlled amount of 
metallic Sn atoms in SnO crystal as the Sn-rich SnO structure can enhance 
the Hall mobility and it was a coincidence with the previously published 
result [18]. This result can be explained to the hopping conduction 
mechanism due to the proportional relationship between the Hall mobility 
and the hole carrier concentration. The substantial oxidation of the 
incorporated Sn induced the in-plane compressive stress and the disordered 
SnO structures along with the formation of protrusions in the film, leading 
the improvement of Hall mobility with increasing the PSn DC. However, 
further increase of Sn atoms in the films leads to the formation of the 
percolation path of the metallic Sn clusters in the film, showing the metallic 
behavior of the films at 45 PSn DC Fig. 3.15(a). It should be 
noted that it is essential to obtain the Sn-rich SnO phase as the p-type 
semiconducting behavior, until just before the change to the metallic 
behavior, for improvement of electrical characteristics of the films. The 
further research is needed to obtain the optimized TFT process conditions for 
reducing the difference between the Hall mobility and field effect mobility.
Figure 3.19. (a) The conceptual design of the co-sputtered SnO TFT, and its 
(b) output and (c) transfer characteristics at the PSn DC of 40 W 
with the fixed PSnO RF at 80 W.
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The SnO thin films were fabricated by the co-sputtering deposition 
technique with pure SnO and Sn targets followed by the low-temperature
annealing at 180 °C in air, and the influence of PSn DC on the various 
properties of the as-deposited and annealed films was systematically 
investigated. The GIXRD results showed that the as-deposited films 
showed a metallic Sn phase, and then it changed the p-type SnO phase after 
the heat treatment. The structural evolution of the annealed films showed 
the polycrystalline p- #$ 
}     PSn DC   &  

metallic Sn and p-type SnO phases as the Sn-rich SnO crystal structure at 
   PSn DC   & 	

 
} } 	} }  the 
dependence on the presence of Sn amounts by co-sputtering. The FE-SEM 
images showed the discernible ellipsoidal grains along the c-axis direction
at the as-deposited film and the irregular protrusions with the tiny and 
indistinct hemispherical swellings at the surface of the annealed film with 
increasing the PSn DC. The HRTEM images showed the metallic Sn phase at
the as-deposited film, and the SnO phase in the protruded region and the 
metallic Sn phase in the uniform bulk region at the annealed film, which 
were coincident with the GIXRD results.
The lattice parameters a and c of the annealed films obtained from the 
GIXRD results that the unit cell volume (a2c) was decreased as reaching to 
the bulk SnO value under increasing the PSn DC. From the XRR and XRF 
results, both SnO density and Sn layer density of the films were increased 
with increasing the PSn DC as closer to the Sn-rich conditions. The residual
stress tendency of the as-deposited films shows that the tensile to compressive 
stress characteristics change as the PSn DC increases. The residual stress of the 
annealed films indicated all compressive properties irrespective of PSn DC and 
its tendency was a similar trend of the lattice parameter c with increasing the 
PSn DC. It means that the increase and decrease of the c-axis of SnO lattice 
have a direct effect on the physical state of the annealed film. Moreover, as
the amount of Sn in SnO increased, the SnO structures became 
thermodynamically stable by the moderate compressive stress level. The 
atomic concentration of Sn relatively increased than that of O with increasing
the PSn DC in the XPS results, indicating the phases of changing from SnO to 
Sn-rich SnO, which is also consistent with the GIXRD results.
Moreover, the Hall measurement results of the annealed films can be 
roughly divided into two PSn DC regions as follows: (1) PSn DC &
which the films showed p-type semiconducting behavior dominated by the 
polycrystalline p-type SnO phase with well-controlled metallic Sn amounts. (2) 
45   PSn DC   & 
 |} }
	 | 
 due to the 
formation of the percolation path of the metallic Sn clusters in the film with 
an influence of the excessively increasing Sn. The maximum Hall mobility of 
8.8 cm2/Vs obtained at 40 W of PSn DC. This result induced by the well-
controlled amount of metallic Sn in SnO structure, which was a coincidence
with the previously published result. Despite the p-type disordered SnO 
semiconductor, it can be explained to the combination effect on the decreasing 
the lattice parameter c accompanied by increasing the film density as well as 
the trap-mediated hopping conduction, leading the increasing Hall mobility.
The Hall measurement results at various annealing and measurement 
temperatures for two samples with specific PSn DC conditions at 0 W 
representing the SnO phase as a reference and 40 W representing the Sn-rich 
SnO phase showing the highest mobility indicated that the hole carrier 
conduction mechanisms of two samples could be different. Because it can be 
considered that the characteristics and microstructure of the film were 
changed from 10 W of Sn DC power at which the co-sputtering began and the 
characteristics and microstructure of the Sn DC power 0 and 40 W films were
different. In other words, as the Sn increased, the ordered Sn-deficient SnO 
became the relatively disordered Sn-excessive SnO due to the changes of the 
film density, the in-plane compressive stress and the unit cell volume with 
increasing the formation of protrusions. All results supply the comprehensive
investigation of the co-sputtered p-type SnO which would contribute to the 
exploration and development of the p-type SnO.
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